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REMARKS 

After entry of this amendment, claims 1 and 3-34 are pending, of which claims 11-20 and 
27-3 1 are withdrawn. Applicants hereby request non-entry of the previously filed unentered 
amendment and request that the amendment above be entered. Claim 1 has been amended 
without prejudice or disclaimer and finds support inter alia in the original claim. Claim 1 finds 
fin-ther support in the specification at page 79, lines 17-18 (title of Example 2) and page 81, lines 
25-27 (title of Example 5). No new matter has been added. 

Claim Obiection 

The Examiner objects to claims 32 and 33 for being drawn to non-elected inventions. 
Applicants respectfully disagree. Claims 32 and 33 are dependent firom claim 1, directly or 
mdirectly, and as such are consistent with elected Group I drawn to a process for preparing 
transfomied plant cells or organisms, Apphcants realize that claims 32 and 33 contain non- 
elected species and only the species listed under part a) corresponds to the elected species. 
Pursuant to 37 CFR § L141, if a claim generic to all the claimed species has been allowed and 
all the claims to species depend from an allowable generic claim, claims to additional species 
which recite all the limitations of the generic claim may be rejoined. Accordingly, Applicants 
respectfully request rejoinder of the remaining species if claim 1 is found allowable. 

Claim Rejections - 35 USC S 112 

Indefiniteness rejection 

Claims 1, 3-10, 21-26, and 32-34 are rejected under 35 U.S.C. § 1 12, second paragraph, 
for indefiniteness. Claim 1 has been amended without prejudice or disclaimer as suggested by 
the Examiner. No new matter has been added. In light of the amendment, the rejection is 
believed to be rendered moot. Reconsideration and withdrawal of the rejection is respectfully 
requested. 

Written description rejection 

Claims 1, 3-4, 7-10, 25-26, and 32-34 stand rejected under 35 U.S.C. § 112,.first 
paragraph, for allegedly failing to comply with the written description requirement. The 
Examiner asserts that, although the specification provides 17 candidate proteins, neither the 
specification, nor the prior art, provides any guidance as to whether those claimed "toxic 
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compounds" are actually toxic to plant cells under the condition used for transformation in the 
presence of corresponding marker proteins. The Examiner further asserts that the specification 
does not provide guidance as to what concentration of compounds should be used for selection in 
plant transformation. Applicants respectfully disagree. 

As disclosed in the specification at page 12, lines 31-33, the marker proteins are 
preferably the "negative selection markers" as used in the art. Examples of marker proteins and 
their mode of actions are detailed at pages 12-20. Their use as "negative selection markers" is 
well known in the art. For example, the use of alcohol dehydrogenase (part (n) of claim 32) as 
negative selection marker protein in plants can be traced back to 1975 (Schwartz et al,. Genetics, 
1976, 83: 63-65), The use of cytosine deaminase (part (a)) and cytochrome P-450 enzyme (part 
(b)) as negative selection markers in transgenic barley is also disclosed in Koprek et al. (Plant J., 
1999, 19: 719-726). Similarly, Upadhyaya et al. (Plant Mol. Biol. Reporter, 2000, 18: 227-233) 
discloses the use of an indoleacetic acid hydrolase {tms2 gene product, part (c)) as negative 
selection marker in rice. Likewise, Naested et al. (Plant J,, 1999^ 18: 571-576) discloses the use 
of a haloalkane dehalogenase (part (d)) as a negative selection marker in Arabidopsis. The use 
of a thymidine kinase (part (e)) as a negative selection marker in Arabidopsis is also shown in 
Czak6 et al. (Plant Physiol, 1994, 104: 1067-1071). A copy of each aforementioned article is 
attached for the Examiner's easy reference. 

Additionally, the use of indoleacetamide hydrolase (part (i)) and indoleacetamide 
hydrolase (part (j)), as well as the above-mentioned marker proteins, as negative selection 
markers is disclosed in US 7,288,694, Col 2, lines 29-67. Similarly, the use of xanthine/guamne 
phosphoribosyl transferase (part (f)), phosphonate monoester hydrolase (part (h)), methoxinine 
dehydrogenase/rhizobitoxin synthase (part (I)), purine nucleoside phosphorylase (part (g)), and 
adenine phosphoribosyl transferase (part (k)) as negative selection markers is also disclosed in 
US 6,576,443, US 5,254,801, US 7,371,935, US 5,464,764, and US 5,583,278, respectively 
Moreover, the effect of methylthioribose kinase and (trifluoromethyl)thioribose (part (m)) in cell 
growth and the potential use as negative selection marker is also discussed in Sekowska et al 
(BMC Microbiology, 2002, 2:8, copy attached). 

Accordingly, it is respectfully submitted that the specification, together with the 
laiowledge of the art, correlate the marker proteins with the function of being able to be used for 
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selection in plant transformation. Reconsideration and withdrawal of the rejection is respectfully 
requested. 

Furthermore, Applicants wish to note that the claimed subject matter relates to a process 
for preparing transformed plant cells or organisms using dsRNA. As set forth in Vas-Cath Inc. v. 
Mahurlcar, 19 USPQ2d 1111,1116 (Fed. Cir. 1991), the test for determining comphance with 
the written description requirement is whether the disclosure of the application as originally filed 
reasonably conveys to one skilled in the art that the inventor had possession of the claimed 
subject matter at the time of filing. Thus, the question here is whether Applicant possessed the 
claimed process . 

According to the "Guidelines for the Examination of Patent Applications Under the 35 
U.S.C, 1 12, 1, ^Written Description' Requirement " at page A-6, 3rd column of the ^'Written 
Description Training Materials" (the "Guidelines," revision of March 25, 2008), possession of an 
invention can be shown "in a variety of ways, including description of an actual reduction to 
practice " (emphasis added). The present application describes an actual reduction to practice of 
the claimed process by working examples. As the Examiner noted in the Office Action at page 5 
(under 'Enablement" section), the specification describes and is enabling for the CodA marker 
protein and the dsRNA of CodA. Thus, possession of the claimed process is shown by its 
reduction to practice, and the rejection should be withdrawn. 

Enablement rejection 

Claims 1, 3-4, 7-10, 25-26, and 32-34 stand rejected under 35 U,S,C. § 1 12, first 
paragraph, for allegedly lacking an enabling disclosure. The Examiner asserts that the 
specification is not enabling for any marker proteins capable of causing directly or indirectly a 
toxic effect for plant cells by any means. Applicants respectfiilly traverse. 

As discussed above, the claimed subject matter relates to a process and the individual 

marker proteins or the coding genes are not being claimed. Rather, the claimed subject matter 
concerns an improved selection method for preparing ti^ansformed plant cells. Thus, the "nature 
of the invention" Wands factor is the process, not the marker proteins used in the process. 

As to the scope of the claims, it is correct that the broadest claims encompass any marker 
proteins capable of causing a toxic effect in plant cells. However, the need for routine 
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experimentation to identify suitable concentration ranges of the substance X and conditions for 
expressing the marker proteins useful for selecting transformed plant cells in the claimed process 
does not defeat enablement. In re Wands, 8 USPQ 2d, 1400, 1404 (Fed. Cir. 1988) 
("Enablement is not precluded by the necessity for some experimentation such as routine 
screening,"); see also Ex parte Kubin, 83 USPQ2d 1410, 1416 (B,P A.L 2007) (although 
practicing the full scope of the claims might have required extensive experimentation^ the 
experimental techniques were well-known in the art, so the experimentation would have been 
routine and thus, not undue). Thus, the "amount of experimentation" Wands factor favors 
enablement. 

Furthermore, the specification, by way of Examples, describes how to make and use the 
claimed process, illustrating an actual reduction to practice. Thus, the '^presence of absence of 
working examples" Wands factor clearly supports enablement. 

Moreover, it is noted that the level of skill is high, which fiirther supports a finding of 
enablement. 

With regard to the "amount of guidance" Wands factor, the Examiner asserts that the 
specification fails to provide guidance required to practice the claimed process with all the 
marker proteins, except for the one specifically described in the specification. Particularly, the 
Examiner alleges that the specification does not provide information such as gene sequence 
encoding mai'ker proteins and concentration of the substance X to be used for selection in the 
claimed process. Applicant respectfully disagrees with the Examiner's characterization of the 
claimed subject matter. 

As discussed above, negative selection marker proteins are known in the art. For 
example, the references discussed above in the 'Svritten description" section provide detailed 
information relatmg to the gene sequence encoding marker proteins and concentration of the 
substance X to be used in the respective negative selection. See e,g,, Koprek et al As also 
noted, the operability of the process is shown by reduction to practice, and Applicants submit 
that no basis exists to question the operability of the process using other marker proteins, 
Furtheimore, screening for reduced marker protein expression due to the effect of the dsRNA 
expression is simply routine experimentation, and not undue. Because the claimed subject 
matter can be caixied out by means of standard procedures which are well laiown to one skilled 
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in the art, it is submitted that the specification sufficiently enables a person of ordinary skilled in 
the art to make and/or use the present invention without undue experimental burden. 

In view of the detailed description, guidarice, worlcing examples, and high level of skill, 
the specification enables the claimed method. On these facts, an analysis under In re Wands 
supports enablement. In re Wands, 858 F.2d at 737 (routine screening of hybridomas was not 
**undue experimentation;" the involved experimentation can be considerable, so long as 
"routine**). Note that tlie test for whether experimentation is "undue*' is not merely quantitative, 
since a considerable amount of experimentation is permissible, if it is merely routine, or if the 
specification in question provides a reasonable amount of guidance with respect to the direction 
in which the experimentation should proceed to enable the determination of how to practice a 
desired embodiment of the invention claimed. Ex parte Jackson, 111 USPQ 804, 807 (1982). 
For at least these reasons, undue experimentation is not required to make and use the claimed 
method. Reconsideration and withdrawal of the rejection is respectfliUy requested. 

Claim Rejections - 35 USC S 103 

Claims 1, 3-10, 21-26 and 32-34 are further rejected as unpatentable over Maliga et al. 
(WO 01/21768, hereinafter "Mahga") in view of Smith et al (Nature, 2000, 407: 319-320, 
hereinafter ''Smith"), taken with admissions in the specification. Applicants respectfully 
disagree and traverse the rejection for the reasons described in the response dated November 15, 
2007 and for the following additional reasons. 

Applicants initially note that the claimed subject matter is directed to a reversed negative 
selection method rather than a "double selection" method as alleged by the Examiner (see Office 
Action at page 8, last paragraph). The selection method, according to the present application, 
consists of (1) providing plants which express negative marker gene, (2) transforming said plants 
with a construct containing a gene of interest and a dsRNA or an expression cassette expressing a 
dsRNA directing to the marker protein gene (which interfere with expression of the marker 
protein), (3) adding the pre-toxin (substance "X"), and (4) selecting surviving plants based on the 
ability to grow in the presence of an otherwise toxic concentration of substance "X." This 
method therefore allows the use of any known negative selection markers to be used as "positive 
selection markers" in a selection method to select transgenic plants and it is not described in the 
state of the art until the present application. 
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For instance, although using codA as negative selection marker is known in the art and 
Maliga teaches cells lacking codA could be readily identified by 5-FC resistance, the site- 
specific recombination system taught in Maliga is aimed to remove the selection marker gene 
from the plastid genome once the transformed plant progeny is successfully isolated (see page 3, 
lines 6-9). MaUga does not teach or suggest that the effect of the selection marker gene could be 
reduced by using dsRNA of the marker protein encoding gene without removing the gene out of 
the genome. Nor does Mahga teach or suggest the use of codA for the "positive" selection 
method as claimed. 

Smith does not remedy such a deficiency. Smith teaches a DNA construct that produces 
a hairpin loop type dsRNA with functional {i.e, spliceable) intron as a spacer and its usefulness 
to induce post-transcriptional gene silencing (PTGS). Smith does not teach or suggest that PTGS 
may be used or useful in a transgenic plant selection system. It follows that neither Maliga nor 
Smith, alone or combined, discloses or suggests transforming a plant expressing a negative 
marker gene with a construct containing a gene of interest and a marker protein dsRNA- 
expression cassette as required by the present invention. Accordingly, neither document nor 
their combined teaching suggests the reversed negative selection as disclosed in the present 
application that allows the use of any known negative selection markers to be used as **positive 
selection markers," 

The Examiner further alleges that it would have been obvious to try using the hairpin 
structure taught in Smith to reduce the expression of codA gene, and the resulting plant would 
have had reduced expression of codA gene as expected and be resistant to 5-FC, The motivation 
to do so, according to the Examiner, comes from the general knowledge of the art that it would 
be more effective to have double selection to select true transformants. Applicant respectfully 
disagrees with the Examiner's characterization and conclusion. 

A claim would have been obvious if all the claimed elements were known in the prior art 
and one skilled in the art could have combined the elements as claimed by known methods with 
no change in their respective functions, and the combhiation would have yielded nothing more 
than predictable results to one of ordinary skill in the art at the time of the invention. However, 
as the court in KSR pointed out, "it can be important to identify a reason that would have 
prompted a person of ordinary skill in the relevant field to combine the elements in the way the 
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claimed new invention does." KSR International Co. v. Tele/lex Ina, 82 USPQ2d 1385, 1396 
(2007), Thus, "rejections on obviousness cannot be sustained by mere conclusory statements; 
instead, there must be some articulated reasoning with some rational underpinning to support the 
legal conclusion of obviousness." Id, quoting /« reKahn, 441 F3d 977, 988, (Fed. Cir. 2006). 
As discussed above, the claimed subject matter is directed to specific selection steps using, e.g. 
codA. The art does not teach, suggest, or motivate the specific series of steps which constitute 
an unobvious way of using the marker protein genes. Accordingly, the combination of Mahga 
and Smith, even taken together with the knowledge of the art, does not support a finding of 
obviousness. 

For at least the above reasons, the subject matter of the pending claims would not have 
been obvious. Reconsideration and withdrawal of the rejection is respectfully requested. 

CONCLUSION 

In view of the above amendment and remarks. Applicants beUeve the pending application 
is in condition for allowance. Applicants request the opportunity to interview with the Examiner 
and Primary Examiner regarding any outstanding issues. 

Applicants reserve all rights to pursue the non-elected and cancelled subject matter in one 
or more later applications. 

Applicants have attached herewith a Request for Continued Examination with the 
required fee authorization. A two-month extension of time has already been paid for with the 
Amendment and Reply Under 37 CFR § 1.116 filed July 22, 2008, Accordingly, accompanying 
this response is a petition for the third-month extension of time to and including August 22, 2008 
to respond to the Office Action mailed February 22, 2008 with the required fee (difference 
between second and third month extensions). No further fee is believed due. However, if any 
additional fee is due, the Director is hereby authorized to charge our Deposit Account No. 03- 
2775, under Order No, 12810-00057'US fi:om which the undersigned is authorized to draw, 

RespectMly submitted. 

B y /Hui-Ju Wu/ 

Hui-JuWu, Ph.D. 

Registration No,: 57,209 
CONNOLLY BOVE LODGE & HUTZ LLP 
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A POLLEN SELECTION SYSTEM FOR ALCOHOL-DEHYDROGENASE- 
NEGATIVE MUTANTS IN PLANTS 



DREW SCHWARTZ and JOHN OSTERMAN 
Department of Plant Sciences, Indiana Vniversiiy* Bloondngton^ Indiana 47401 

Manuscript received November 21, 1975 

ABSTHACT 

Exposure of freshly sHed maize pollen to ally! alcohol vapors allows se- 
lective fertilization by mutant alcohol-debydrogenase-negative grains. Wild- 
type pollen grains are tilled by the enzymatic conversion of allyl alcohol to the 
highly toxic acrylaldehyde. 

*\ /TUTANT selection is a powerful tool in genetic analysis. The great strides 
^ made in the field of microbial genetics would not have been passible without 
the procedures by which specific, infrequently occurring mutant forms could be 
preferentially selected out of a large population of cells* The purpose of this 
communication is to describe a pollen selection system for alcohol dehydrogenase 
( ADH) mutants iu plants. Pollen grains with the wild-type alleles are killed and 
only gi^ains which are ADH negative are functional. 

Selection procedures f or ADH-negative mutants have been previously described 
by Megnet (1967) with Saccharomyces, and by Sofer and Hatkopf (1972) 
with Drosophila. Megnet grew yeast on medium containing allyl alcohoL ADH 
converts allyl alcohol to the highly toxic acrylaldehyde. Wild-type cells which 
contain active enzyme are killed by the acrylaldehyde, while mutant cells which 
lack ADH activity and cannot carry out the conversion are not affected. Sofer 
selected ADH-negative Drosophila by treating the flies with l-pentene-3-ol which 
is oxidized by ADH into a highly toxic ketone. 

The process we developed with maize involves treatment of mature pollen 
grains with allyl alcohol. Alcohol dehydrogenase is synthesized and found in the 
matvire pollen grains, Tlie enzyme is not needed for pollen germination and 
growth (Schwartz 1969) . Enormous mmibers of pollen grains are produced by 
the maize plants a single tassel producing more than 18 million. Large numbers 
of grains can be applied to the silk for fertilization. The silk is itself stigmatic and 
is covered with numerous stigmatic hairs. Many pollen grains can germinate on 
the same silk but usually only one functions in fertilization. Thus, large numbers 
of pollen grains can be treated with allyl alcohol and placed on the silks. The 
selection technique is powerful in that regardless of the number of grains treated 
and applied to the silk only the ADH-negative grains survive the treatment and 
will function in fertilization. All kernels formed on the ears receive an ADH- 
negative allele from the male parent. 

For the treatment of pollen with ally! alcohol we constructed an airtight 
plexiglass box 12'^ X 12'' X 12" with a shallow drawer 24" X 6" which can be 

Genetics S3: €3-65 May» 1976. 
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moved in and out of tlie box from opposite sides. A given amount of allyl alcohol 
pipetted onto a glass plate is placed into the drawer, moved into the box and 
aUow^ed to vaporize* A sheet of paper cut to size is placed on the exposed section 
of the drawer and freshly shed pollen spread in a thin layer. After the allyl alcohol 
has vaporized the pollen is moved into the box and allowed to remain in the 
presence of the allyl alcohol for a prescribed period of time. Treatment consists 
of five-minute exposure to the vapors from 0.03 ml of allyl alcohoL Following 
this treatment pollen grains with ADH fail to germinate and can not achieve 
fertilization. However, pollen grains collected from mutant ADH-negative plants 
readily survived the treatment* Germination is not affected and the fertilized 
ears show a full seed set The most satisfactory treatment was determined by 
testing treated wild-type and mutant pollen grains for germination on supple- 
mented agar (Cook and Walden 1965)* To insure against contamination by 
untreated pollen, plants to be used as females are grown in an isolation field and 
detassded daily. Hiis technique makes it relatively simple to obtain new null- 
type mutants at tlie Adh locus. One of us (D.S.) has been using this method to 
select for a rare ADH" recombinant resulting from an intragenic crossover 
between two Adh alleles each of which forms active enzyme. A total of 34 seeds 
were found on 276 ears pollinated with grains produced by plants heterozygous 
for the two active alleles* Since kernels are sacrificed in the test for Adh genotype, 
plants are first being grown from these kernels and the tests will be performed 
on their progeny. One of us (J,0.) has been using this method to select cases 
where the element (McCijcntock 1950) has been transposed to the Adh locus, 
for study of the mechanism of gene suppression by this controlling element. 
Pollen was collected from plants which carried one dose of activator Ac and Ds 
present at either the Bjs locus {bz-m2) on chromosome 9 (McClintock 1951) or 
at the Bz2 locus (bz2-m) on chromosome 1 (Ntjpfer 1935). The treated pollen 
was applied to silks of plants with specific Adh genotypes. Ds transposition to, 
and suppression of the Adh gene in the pollen will allow the graius to survive the 
allyl alcohol treatment and function in fertilization* In the cross with treated 
bz-m2 pollen 178 seeds were produced on 265 ears> and in the bz2-m crosses 145 
seeds were produced on 160 ears. Twelve kernels from the bz'm2 crosses were 
sacrificed for electrophoretic analysis of the Adh isozymes in the embryo. The 
female parent was of the genotype AdhS/AdhS and the poUen carried the AdhF 
allele (Schwahtz and Endo 1966). Eleven kernels showed only the SS ADH 
band, indicating complete suppression of the AdhF allele introduced through the 
pollen. The twelfth kernel showed all three isozyme bands, FF, FS^ and SS but the 
ratio was strikingly skewed toward SS. This is the result expected from subse- 
quent derepression of the AdhP gene by an Ac-mediated transposition of Ds 
from the Adh locus. 

An early transposition of Ds to the Adh locus in the sporophyte could give rise 
to a sector of tassel with many anthers having ADH-n^ative pollen grains. Thus, 
the 324 kernels obtained in these crosses did not result from that many 
transpositions of Ds to the Adh locus, and many could have resulted from the 
same early transposition event. 



SELECTION FOR adh' MUTANTS 



65 



Supported by r^arch grant NSF GB 35462X (to D.S.) and training grant PHS TOl GM 
82-15 (to J.OO* The assistance of Lynn Petehson is gratefully acknowledged. 

LITERATURE CITED 

Cook, F. S. and D. B, Waldet^j 1965 An agar medium far the in vitro germination of com 
pollen. Maize Gen, Coop. News Letter 39: 169-171. 

McCLtNTocac, B., 1950 The origin and behavior of mutable loci in maize* Proc, Nat. Acad. Sci. 

U,SA, 36; 344-355, 1951 Chromosome organization and genetic expression. Gold 

Spring Harbor Symp. Quant Biol. 16 J 13-47. 

Megnet, R,, 1967 Mutants partially deficient in alcohol dehydrogenase in Schizosaccharomyc^s 
pomhe. Arch. Biochem, Biophys. 121: 194-201, 

NuFPER, M. G., 1955 Similarity of M and Ac mutator systems. Maize Gen. Coop. News Letter 
29: 59, 

Schwartz, D,, 1969 An example of gene fixation resulting from selective advantage in sub- 
optimal conditions. Am. Nat, 103 : 479-481. 

ScHWABTz, D. and T* Ewdo, 1966 Alcohol dehydrogenase polymorphism in maize— simple 
and compound led. Genetics 53: 709-715, 

SoFER, W. H* and M. A. Hatkofp^ 1972 Chemical selection of alcohol dehydrogenase negative 
mutants in Drosophila. Genetics 72 : 545-549. 

Corresponding editor: J*. Imjqunan 



The Plant Journal (1999) 19(6), 719-726 



TECHNICAL ADVANCE 

Negative selection systems for transgenic barley {Hordeum 
vulgare L.}: comparison of bacterial codA- and cytochrome 
P450 gene-mediated selection 



Thomas Koprek^, David McElroy^ Jeanine Louwerse^ 
Rosalind Williams-Carrier and Peggy G. Lemaux 

Department of Plant and Microbial Biohgyr 111 Koshland 
Mali University of California^ Berkeley, CA 94720-3102, 
USA 

Summary 

Efficient negative selection systems are increasingly 
needed for numerous applications In plant biology. In 
recent years, various counter-selectable genes have been 
tested In six dicotyledonous species, whereas there are 
no data available for the use of negative selection 
markers in monocotyledonous species. In Uiis study, we 
compared the applicability and reliability of two different 
conditional negative selection systems in transgenic 
barley. The bacterial codA gene encoding cytosine 
deaminase, which converts the non-toxic 5" 
fiuorocytosine (5-FC) into the toxic S^luorouracll [5-FU), 
was used for in vitro selection of germinating seedlings. 
Development of codA-expressing seedlings was strongly 
inhibited by germmating the seeds In the presence of 5- 
FC. For selecting plants in the greenhouse, a bacterial 
cytochrome P450 mono-oxygen ase gene, the product of 
which catalyses the dealkylation of a sulfonylurea 
compound, R7402, into Its cytotoxic metabolite, was 
used. T^ plants expressing the selectable mailcer gene 
showed striking morphological differences from the non- 
transgenic plants. In experiments with both negative 
selectable markers, the presence or absence of the 
transgene, as predicted from the physiological 
appearance of the plants under selection, was confirmed 
by PGR analysis. We demonstrate that both marker 
genes provide tight negative selection; however, the use 
of the P450 gene Is more amenable to large-scale 
screening under greenhouse or field conditions. 
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Introduction 

The expression of negative selection genes causes either 
immediate or conditional cell death under specific devel- 
opmental or environmental conditions and therefore 
allows for the selection of cells lacking these marker 
genes. These genes have been used successfully to study 
processes of development and differentiation {Mariani 
etalr 1992), to stabilize transposable elements (Renckens 
etal,, 1992), to select homologous recombination events in 
gene targeting experiments {Thykjser etaL, 1997) and to 
develop new strategies for engineering disease-resistant 
plants (Strittmatter etal., 1995). The use of negative 
selection genes requires a level of marker gene expression 
sufficient to cause either death of the expressing cells or 
significant morphological change in the whole organism. 
Such genes can be non-conditional or conditional. Various 
non-conditional marl<er genes have been tested in higher 
plants, for example the Corynebacterium diphtheria toxin 
A-chain gene in tobacco (Koltunow eta/., 19901 and 
Arabidopsis (Czako etai^ 1992), the PsBudomonas endo- 
toxin A gene in Brassica napus (Kontng etaL, 1992) and the 
anti-nptll gene in tobacco (Xiang and Guerra, 1993). The 
expression of these genes results in immediate lethality in 
the plant after transformation except where the genes are 
driven by tissue-specific or inducible promoters. Enzymes 
encoded in conditional maricer genes exhibit an alternative 
control mechanism for counter-selection schemes by 
metabolizing an externally provided substrate into its 
phytotoxic derivative. The utility of several conditional 
markers has been confirmed in in vitro studies; these 
include tm$2 In tobacco {Depicker etai, 1988) and in 
Arabidopsis (Karlin-Neuman etaL, 1991), aux2 In cabbage 
{Beclin etaL, 1993), the HSV-tk gene in tobacco (Czako and 
Marton, 1994) and a cytochrome P450 gene fn tobacco 
{O'Keefe etaL, 1994). Among these markers, the cytosine 
deaminase gene from E coli, codA, which converts the 
non-toxic 5-fluorocytosine (5-FC) into the toxic 5-fluor- 
ouracil (5-FU), has proven to be efficient and reliable for 
the counter-selection of transformed protoplasts, callus 
and seedlings of Arabidopsis thalianB (Kobayashi etaL, 
1995; Perera etal., 1993), Lotus japonicus (Stougaard, 
1993), Nicotiana sylvestris (Stougaard, 1993) and 
Nicotiana tabacum {Schlaman and Hooykaas, 1997}, The 
lack of endogenous cytosine deaminase activity in many 
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plant species, e.g. Arabidopsis, soybean, sugarbeet, barley 
and pea, indicates the potential wide applicability of codA 
as a negative selectable marker (Stougaard, 1993). 

The bacterial codA gene encoding cytosine deaminase 
could only be used In the aforementioned studies for in 
vitro selection of germinating seedlings. l=or selecting 
plants in the greenhouse, a bacterial cytochrome P450 
mono-oxygenase gene, the product of which catalyses the 
dea]l<ylatjon of a sulfonylurea compound into its cytotoxic 
metabolite, can be used. In vitro studies showed that the 
cytochrome P450 mono-oxygenase gene from 
Streptomyces griseolus is functional in the presence of 
specific chloroplast oxidoreductases belonging to higher 
plants (O'Keefe etal.. 1991, 1993). Targeting of the P450 
monooxygenase to the chloroplast In transgenic tobacco 
(O'Keefe etal., 1994) resulted in an efficient dealkylation of 
a sulphonylurea-based selective agent, R7402, converting 
it into Its toxic derivative. To date, P450 mono-oxygenase 
is the only negative selectable marker gene that has been 
used In spray tests on fully developed transgenic plants 
(O'Keefe etaL, 1994). Progress tn monocot transformation 
during the past few years has provided the means to apply 
new molecular strategies to important cereals, e.g. rice, 
wheat, maize and barley. 

Despite the utility of these new methods for studying 
and modifying cereals and the potential for the broad 
applicability of negative selection systems in these crop 
plants, no reports on the use of available negative marker 
genes has been published in monocots. in this report, we 
describe the successful application of two negative selec- 
tion systems In transgenic barley. We analysed Ti and T2 
plants of several independently transformed barley lines 
with regard to the effectiveness and reliability of the 
bacterial codA and P450 genes in negative selection 
protocols. 

Results 

Sensitivity of transgenic and non-transgenio embryos to 
S^FC 

Studies were conducted to determine the 5-FC concentra- 
tion needed to distinguish between cocM-positive and 
coc/iA-negative embryos; embryos of a defined size (2.0- 
2.5 mm) were used in all germination tests. The germina- 
tion of tissue culture-derived non-transgenic barley em- 
bryos was not significantly inhibited by concentrations of 
up to Smgml"'' of 5-FC (Table 1}; higher concentrations of 
5-FC reduced germination frequency and resulted In 
abnormal embryo development In some cases {data not 
shown). At a concentration of 1 mg ml"^ 5-FC, germination 
and growth of transgenic embryos was visually inhibited. 
With respect to embryos from transgenic plants, inhibi- 
tion of germination and growth could be observed at 



1 mg ml"'' 5-FC* About half (52%) of the embryos germi- 
nated on 1 mg ml"'' 5-FC and among these were several 
embryos with abnormal development At a concentration 
of 2mgmr\ most embryos showed elongation of the 
embryo-axis 3 days after transfer to selective medium. In 
about 70% of the embryos, development halted at day 5 
and germination did not occur until day 10, Twenty-nine 
per cent of the embryos germinated at day 7 and exhibited 
normal shoot development The observed sensitive to 
tolerant ratio at 2mgmr'' (142:58; Table 1) is consistent 
with the expected ratio of 3:1 for a single copy of a 
dominant resistance gene in hemizygous plants. The use 
of 3mg ml"^ 5-FC resulted In a simitar ratio {142 sensitive 
to 40 tolerant; Table 1). Higher concentrations of 5-FC 
reduced the germination frequency of non-transgenic 
embryos markedly. A level of 2mgmr^ was chosen as 
the concentration of choice for further experiments. In 
general, seedlings sensitive to 5-FC did not recover after 
7 days of treatment with 5-FC when transferred to medium 
without 5-FC but did recover prior to 7 days (data not 
shown). At a concentration of 20[x.gmr\ 5-FU, the toxic 
metabolite produced by the action of the coofA gene 
product on 5-FC, halted embryo development at a very 
early stage In transgenic as well as in non-transgenic 
embryos. Figure 1 shows the effects of various concentra- 
tions of 5-FC and 5-FU on transgenic as well as non- 
transgenic embryos, it was observed that embryo size 
affected the reliability of the selection scheme; embryo 
sizes between 2 and 2.5 mm worked most efficiently and 
were used to generate the data in Table 1. 

Sensitivity of transgenic and non-transgenic plants to 
R7402 

Non-transgenic plants were only slightly affected when 
sprayed with concentrations of R7402 up to 100 ^ig m*"^. A 
concentration of 250 |xg m"^ reduced average shoot length 
of non-transgenic plants by about 20%; higher concentra- 
tions resulted in Individual plants wilti strongly reduced 
shoot length, similar to that of transgenic plants expres- 
sing the transgene (Table 2), Development of transgenic 
plants was inhibited alter treatment with 50-250 ^.g m"^ An 
increase in R7402 concentration above 250 fig m"^ caused 
little additional damage. 

Use of concentrations of R7402 between 50 and 
250 [igm"^ on segregating Ti transgenic plants resulted 
In a segregation ratio for affected to unaffected plants of 
close to 3:1. Due to sizeable variation in shoot length of 
both non-transgenic and transgenic plants after treatment 
with a concentration >250^igm"^ a concentration of 
lOOfigm"^ was used in later experiments. The phenotypic 
effects of treatment of R7402 on Ti transgenic and non- 
transgenic plants are shown in Figure 2. Plants sensitive to 
R7402 did not completely recover; shoots remained short- 
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Table 1, Germmation frequency of transgenic T2 (line 24B-1] and rton-transgenic embryos on mediunn containing 5-fluorocytosine (5- 
FC) 



5-FC concsntration* 


Number of piants tested 




Germination frequenc/* 




Non-transgenic 


Transgenic 


Non-transgenic 


Transgenic 


0 


200 


171 


97,0 ±2.1 


95.0 ± 1.9 


1 


200 


200 


96.5 ±1.9 


52-0 ±8.7 


2 


200 


200 


96.5 ±1.8 


29.517.5 


3 


200 


182 


90.5 ±1.8 


22.0+6.1 


4 


200 


150 


56.0 ±12.4 


16.0+8.9 



*(mgAnl); ''Values are % + standard deviation between repetitions. 




Rgurel, Negative selection using codA-contatning transgenic and non- 
transgenic embryos. 

Embryos from non-transgBnic controls were transferred lo medium 
without {a) and with lb) 2mgml~^ 5-FCr and embryos from transgenic 
plants were transferred to medium with 2mgnir^ 5-FC (c) and with 
20iigmr^ 5-FU (d). The photograph was taken 7 days after plating of 
embryos* 



er than those from non-transgenic piants but were capable 
of producing seed. 

PCR analysis of segregating populations 

To test the reliability of the negative selection schemes for 
screens of large populations, germinating embryos or 
transgenic plants transformed with either codA or P450 
genes were treated In several Independent experiments 
with either 5-FC or R7402, respectively. Results of germi- 
nation tests with embryos from cocM-positive plants are 
summarized in Table 3. A total of 402 embryos from line 
24B-1 and 467 embryos from line 25B-1 were tested, and 
segregation ratios of 305:97 and 361:106, respectively, for 
sensitive:unaffected were determined. The observed seg- 
regation ratio for both lines Is close to the expected 3:1 



ratio as confirmed by a test with a=0*05. The embryos 
from a third line (26B-5) segregated in an aberrant manner 
(156:82, sensitive; resistant). 

Five transgenic lines were tested for sensitivity to R7402. 
After treatment with R7402, Ti plants from three transgenic 
tines segregated at the expected ratio of 3:1, sensitive: 
unaffected (Table 4). Ti plants from line 4B-1 segregated in 
a ratio of 15:1; progeny of another line (3B-D segregated in 
a ratio of 2:1. 

From each experiment using either gene, a sample of 12 
unaffected and four sensitive embryos or plants from a line 
were randomly chosen and analysed by PCR for the 
presence of the transgene. Since it is more Important in 
a negative selection scheme to avoid or minimize tlie 
number of escapes from selection, a larger number of 
unaffected, compared to sensitive, plants was analysed. 
With respect to codA, a total of 96 of the 203 unaffected 
plants from line 24B-1 and 25B-1 were analysed; 93 
embryos were PCR-negati've while DNA from three 
embryos \ielded the 500 bp internal codA fragment. DNA 
from 32 non-germinated embryos was tested for the 
presence of cocfA and 31 yielded the expected PCR 
fragment In the analysis of the plants putatively contain- 
ing the cytochrome P450gene, 81 of 143 unaffected plants 
were tested by PCR; 79 were PCR-negative. The expected 
PCR product was amplified from DNA of 29 of the 30 
sensitive plants tested. 

Discussion 

The use of negative selection genes as tools for various 
applications in genetic engineering has to date been 
restricted to dicotyledonous plant species. \n our studies 
of transgenic barley, we used the bacterial genes coJA for 
m vitro assays of germinating seeds and cytochrome P450 
for sensitivity tests of developing plants. 

In earlier in vitro studies on seedlings of tobacco 
(Schlaman and Hooykaas, 1997; Stougaard, 1993}, 
Arabidopsis {Kobayashi etai, 1995; Perera etaL, 1993) 
and Lotus japonicus (Stougaard, 1993), a concentration 



©Blacl<well Science Ltd, Tfie Plant Journal (1999), 19, 719-726 



722 Thomas Koprek et al. 

Table 2. Influence of R7402 on shoot development of transgenic T1 and non-transgenic plants 



R74Q2 concentration* Non-transgenic plants Transgenic plants 



Affected plants Unaffected plants 





n 


Shoot length'' 


n 


Shoot length'' 


n 


Shoot length^ 


Ratio'= 


0 


35 


20.0 ±0.85 


0 




39 


19.9 ±0.96 




25 


35 


19.7±1.10 


Q 




38 


19.5±1.13 




50 


38 


19.2 ±1.21 


31 


13.0 ±1,31 


10 


19.8 ±0.92 


31:10 


100 


39 


18.0 ±1.56 


35 


9.7± t37 


12 


18.8 ±1.19 


35:12 


2B0 


38 


15.3 ±2.24 


33 


6.4 ±1.70 


9 


15.3 ±1.46 


33:9 


500 


40 


11,7 ±2.67 


37 


5.0+1.33 


10 


13.0+1.11 


37:10 


1000 


37 


8.7 ±2.05 


29 


4.3 ±1.^ 


9 


9.0 + 1.3 


29:9 



**(ng m ''Values are cm ± standard deviation between, repetitions; *affected:un affected* 




Figure 2. Effect of R74fl2 on P4f0-posltive and control plants. 
Seven-dav-oid seedlings were sprayed with selective agent R7402; the 
photograph was taken 21 days after the treaibnent. C^der of plants (laft to 
right): (a) non-transgenic plant sprayed with solvent alone; (b} non- 
transgenic plant sprayed with lOOiigm"* R7402; <c) norHransgenic Ti 
segregant sprayed with lOOngm"^ R7402; (d); (e) two trarksgenlc Ti 
segregants sprayed with lOD^g R7402. 



of between 0,25 and 1 mg mn of 5-FC was sufficient to 
distinguish between coofApositive and codAnegative 
seedlings. These concentrations did not affect the 
growth and davelopnnent of non-transgenic plants. In 
germination tests on embryos from codA-posltive barley 
plants in this study, 5-FC concentrations of between 2 
and 4mgmr'' were necessary to obtain reliable selec- 
tion for codA expression driven by the Act! promoter; 
however, a concentration of 4mgmr^ 5-FC affected the 
gernnination and development of non-transgenic plants. 
PCR analyses of plant tissue from unaffected and 
sensitive germinating embryos showed that the expres- 
sion of cylosine deaminase driven by the rice Act! 
promoter and first intron is sufficient in barley to 
distinguish between cootA-negative and -positive plants 



in segregating populations. Similar rfiliabiiity was ob- 
served using the cytochrome P450 gene as a negative 
selection marker, after optimizing selection conditions to 
distinguish between plants with and without the P450 
gene. Differences between expressing and non-expres- 
sing plants were most strildng when R7402 concentra- 
tions were between 100 and 250p.gm"^* higher 
concentrations affected the development of control and 
negative segregant plants. 

The high standard deviation observed (Table 1) and 
the escapes from negative selection are probably due to 
variable expression levels of the selectable madcer 
genes and inherent plant to plant variation in sensitivity. 
This variability can affect the efficiency and reliability of 
the selection scheme (Czako etal., 1995}. Escapes from 
negative selection using codA may also be due to 
differences in sensitivity depending on the developmen- 
tal state of the embryos. Since the frequency of escapes 
is low {2.1% for codA and 3.7% for P450), both negative 
selectable marlcers can be used reliably for selection. 
The technical difficulties of testing uniformly sized 
embryos for codA expression, however, make this 
approach less practical and less amenable for large- 
scale screening. The possible compromising effects of 
transgene inactivation in scoring advanced-generation 
plants {Renckens etaL, 1992] will have to be addressed 
if the system is to achieve maximum utility. 

Despite differences between the regulatory sequences of 
monocotyledonous and dicotyledonous rbcS promoters 
(Schaeffner and Sheen, 1991), the functionality of dicot 
rbcS promoters in monocots has been demonstrated in 
transgenic rice (Kyozuka etaL, 1993). In pur experiments, 
the expression level of the dIcot rbcS promoter was 
sufficient to lead to the dealkylation of the sulfony! urea 
compound R7402. In plants, the Rubisco protein requires 
redox donors from the chloropiast to carry out its mono- 
oxygenase function (O'Keefe etaL, 1994). Therefore, the 
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TabJeS. Germination test on 5-FC and PCR analysis of embryos from cocW-containing plants 



Plant 



Gernnmatlon PCR analysis 
ratio' 



Sensitive embryos 



Resistant embryos 



Number 
tested 



Number 
positive 



Number 
negative 



Number 
tested 



Number 
positive 



Number 
negative 



Non-transgenic 

24B-1 

25S'1 



4:315 
305:97 
361:106 



4 
16 
16 



0 

16 
16 



6 
48 
48 



6 
47 
47 



*SensJtfve:resJstant 



Table4. Sensitivity to R7402 and PCR analysis of progeny from P450-containing plants 



Plant Segregation PCR analysis 

ratio* - -- - — ™ 

Affected plants Unaffected plants 







Number 


Number 


Number 


Number 


Number 


Number 






tested 


positive 


negative 


tested 


positive 


negative 


Non-transgenic 


2:129 


2 


0 


2 


6 


0 


6 


3A-1 


91:39 


6 


6 


0 


20 


0 


20 


3A-2 


88:32 


6 


6 


0 


20 


1 


19 


3A-3 


63:26 


6 


5 


1 


16 


0 


16 


3B-1 


70:35 


6 


6 


0 


14 


0 


14 


4B-1 


110;11 


6 


6 


0 


11 


1 


10 



^Affected : u n affected. 



Petunia Rubisco chloroplast transit peptide was used to 
target cytochronrie P450 to the chloroplast in tobacco 

(O'Keefe etai, 1994). In our studies, the same transit 
peptide sequence was used to target the protein to the 
chloroplast in a monocot species. Its use resutted In 
functional activity of the mono-oxygenase as evidenced 
by its ability to Inhibit the developnnent of P450-positive 
plants. 

The results of our studies indicate that both bacterial 
negative selectable genes, codA and the cytochrome 
P450 gene, can he used effectively in cereals. The use 
of the codA gene is restricted to in vitro tests of 
functionality in embryos of a specific developmental 
state, in contrast the P450 gene can be used for 
selection of plants in the greenhouse or field, enabling 
screening of large numbers of individual plants without 
labour-intensive in vitro manipulation. Difficulties m 
recovering cocf/A-expressIng plants after selection with 
5-FC also restrict this approach to situations where the 
survival of positive plants is not necessary. Negative 
selection systems such as these can be powerftjf tools 
for transgenic cereals, for example to select against 
undesirable linked genes, e.g. Ac transposase, to dissect 



signal transduction pathways and to conduct functional 
genomics studies. 

Experimental procedures 

Construction of vectors 

Plasmid pAHC20 iChristensen and Quail, 1996), containing the 
Streptomyces hygroscopicus phosphinothncin acetyl transferase 
gene {bar] under the control of the matze Ut)i1 promoter and the 
first intron, was used in selection experiments with bialaphos. 
Figures shows diagrams of all other piasmids used in this study. 
All DNA nnodifications were earned out according to standard 
protocols (Sambrook eta/., 1989). The codA coding region and 
CaMV 35S 3' terminator was cloned as a 1.3 kbp H/ndHt-fcoRl 
fragment from pNE3 {kind gift of Dr J. Stougaard) under 
transcriptional control of the Actl promoter and the first intron 
from rice (McElroy etaL, 1990) into a pUC28- or pBS-derived 
plasmid. The resulting vectors pUC-codA-Act-AcAc and pBS- 
codA-Act-UbiAc also contain the Ac transposase coding region 
and nos terminator sequence derived from pTps (Wirtz etai, 
1997) as a 3.6 kbp Sma\-Bg!\\ fragment under the control of either 
a 323 bp Saci-BgfW Ac transposase promoter fragment from 
plasmid pSLJ721 {Scofield etaL, 1992) or the Ubf[ promoter and 
first intron from maize (Christensen and Ouall, 1996). 

For the construct carrying the P450 gene, a 46 kb EcoH\-BamH\ 
cassette containing the Rubisco promoter, 6' untranslated leader 
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pBS-cotfA-Act-UblAc 

11.6 W> 




3533' codA Actr UUI AcTPafift 



pUC-codA-Act-AcAc 

11.2 kb 




3BSa' oodA Adl AcPr MTPw9 noB 



pSP*SS[KSU1.1 

rtic$&' TP rbcSa' 

Rgure3. Schematic representation <if pla^mlds used. 
The codA gene under control of the rice actin promoter [Acdi and first 
intron and the 3BS temnlnator were cloned together with the activator 
transposase {AcTPase} ORF under control of its putative promoter 
sequence (AcPr) and the nos terminator (pUC-codA-Acti-AcAc) or the UbH 
promoter and first intron from maize and the nos terminator IpBS-codA- 
Act-UblAc) Piasmid pSP-SSU-SUI.I contains the Rubisco small subunlt 
promoter {rbcS 5'} from Petunia hybrida, the coding sequence for the 
chioroplast transit peptide (TPh the Rublsco polylA) signal lirbcSS'] and 
the P450 codirjg region (SUi,l) from S. griseofus. Restriction sites used 
for DNA hybridisation analysis are Indicated. Arrows indicate the 
amplified regions in the PGR analysis. 



and the coding region for the Rublsco transit peptide for 
chioroplast targeting from Petunia hybrida {Dean etal., 1989), 
the complete P4S0 coding region from S, griseolus iOmer etai, 
1990) and the Rubisco poly(A) signal sequence (O'Keefe etai, 
1994) were cloned into the 2.46 i<b cloning vector pSP72 
(Promega, Madison, Wisconsin, USA) resulting in the piasmid 
pSP-SSU-SUI.l. Additional details regarding the vectors and 
piasmid maps are available upon request from Dr Peggy G. 
Lemaux. 



Plant transformation and regeneration 

Cultivation, transformation via microprojactlle bombardment and 
selection of transformed barley scutel tar tissue (Hordeum vutgare 
I. cv Golden Promise) was perfonmed as described flemaux etalt 
1996). Scutella were co-transformed with equimolar amounts of 
either pAHC20 and pSP-SSU-SUiJ , pAHC20 and pUC-codA-Act- 
AcAc or pAHC20 and pBS-codA-Act-UbiAc. To plants were 
regenerated from stably transformed callus following the proto- 
col of Cho etaL {1998), Phenotypically normal To plants were 
analysed by DNA gel-blot hybridization to determine the presence 
and copy number of the transgenes. Plants with one to three 
intact copies of the expression cassette were used for further 
studies. The progeny resulting from self-po Hi nation were ana- 
lysed by PCR. PCR-positive Ti and T2 plants were used for the 
codA and P450 gene activity tests. 



5-fluorocytosine assay for codA gene expression 

Spikes of corfA-positive plants, as determined by PCR, were 
sterilized 14-20 days post-anthesis. Immature embryos (2- 
2.5 mm} were isolated as previously described (Wan and 
Lemaux, 1994} and transferred embryo axi$-slde down to 
germination medium (MS salts: Murashige and Skoog, 1962), 
solidified with 8g I""" agar (Difco) at pH5,81, and containing 15 g 1"^ 
sucrose and either 5-fluorocytosine {5-FC) or 5-fluorouracit f5-FU), 
5-FC and 5-FU were dissolved in 10 mM 2-()V-morpholmo) 
ethanesulphonic acid (MES) (pH5,8), fflter-sterilized and added 
after autoclaving. To determine immature embryo sensitivity, 5- 
FC was used at concentrations of between 1 and 4mgmr^ (J, 
Louwerse, unpublished data); in later experiments the concentra- 
tion of 5-FC used was 2 mg mr\ Germinated and non-germinated 
embryos were counted on day 7. To study the cytotoxic effect of 
the metabolite 5-FU, the compound was used at a concentration 
of 0.02mgmr\ Immature embryos from tissue culture-derived, 
non-transgenic plants were used as controls in all experiments. 

R7402 herbicide assay for P450 gene expression 

Ti seeds of P^^O-positive To plants, as confirmed by PCR analysis, 
were gannmated and plants grown fn potting soil In flats under 
greenhouse conditions {14h |[ght/10b dark, 15~18°C, natural and 
supplemental light levels at 700-1000 ^imolm^sec"^). The herbi- 
cide, R7402 {2-methylethyI-2,3-dihydro-W-i(4,6-dimethoxvpyrlmi- 
din-2-yl} aminocarbonylM,2-benzoisothiazole-7-sulfonamide-1,1- 
dioxide, Du Pont de Nemours, Wilmington, Delaware, USA), was 
dissolved In a mixture of 90.2% acetone WM, 4.8% glycerol (v/v), 
4.8% water (vM and 0.2% Tween-20 [yfw] and plants were sprayed 
10 days post-germination. Flats (0,15m^) were sprayed with a 
total volume of 25 ml containing the appropriate dose of herbicide 
in three intervals using a hand-held atomizer. To determine 
sensitivity, concentrations of R7402 equivalent to 25, 50, 100, 500 
and lOOO^igm"^ were used. An R7402 concentration of 7,5^g/ 
25 ml {equivalent to 100 |j.g m"^) was used in later experiments. As 
an indicator of growth inhibition, shoot length was measured 
3 weeks after herbicide application. Tissue culture-derived, non- 
tran&genlc plants were used as controls in all experiments. 

PCR analyses 

Genomic DisfA was isolated from leaf tissue or from germinated 
embryos (Cone, 19S91. PCR reactions were performed in a total 
volume of BOpJ containing lx PCR buffer (Promega, Madison, 
Wisconsin, USA), 200^M of each dNTP, 1,BmM MgCI^, I^M 
primer, 1% DMSO, 2.5 U Tag DNA polymerase (Promega) and 
0,5 |ig of genomic DNA. Primers used for amplification of the 
codA coding region were codA-l: 5'-GCA AAT CGT CGC CTT CCC 
TCA GGA-y and codA-2: 5'-AAG ACA TCA TCG TGA CCA AAG 
CAG-3', which yielded a 500 bp fragment (Figures). For detection 
of the cytochrome P450 gene, the primer pair SU-1: 5'-TGC CCT 
ACG CCG ACC ACG AGT TCT-3' and SU-2: 5'-CCT TGC CCC TCT 
CCC CCG TCA CCA-3'was used to amplify a 750 bp fragment from 
the coding region [Figure 3). Both PCR reactions were performed 
with an initial denaturation at 94*C for 2 min followed by 35 cycles 
of 45 sec at 65''C and 60 sec at 72X, and a final extension at 72X 
for 5 min. PCR products were analysed by gei electrophoresis on 
1.1% agarose gels. 
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Commentary 

The ttits2 Gene as a Negative Selection Marker in 
Rice 

NARAYANA M, UPADHYAY.^\^ XUE~RONG ZHOU, LIMIN WU, KBRME 
EAMM and BUZABB™ 0BNNiS 

CSmO Pimt Industry, GPO Box 1600. Cmberra, ACT 260i. Austrcdia 

Abstract* A cioiiditional tiegative scJection marker h essentia] for high throughput 
ijisertional mutagenesis with any iwo-elcinfient tninsposon Egging ijystem. The ms2 
encodes iiulolisacctic apid hydrolase (I A AH) which converts naphtha1enea<;et<imidc (NAM) 
to ihc potent auxin napfuhaleneacetic add, a phyiotoxic derivative. This gene, under lh^; 

coiiual of the manopine syiuhase geoe 2 pi'omoter frora Agrolmcienum fumefackfis and 
exogenous ly applbd MAMj have been used ei'feciively ivsi u negative s^alector in Ac/D$ 
insertioruil mutagenesis of Arabidopm ihulkuui (Sunclaresturet al, 1095), In tbij> sUidy we 
.•shosv thai nm2 can iilso be used as a negative Kcleclor hi dee. innLsgeiilc seedlings ex- 
pressing thi^ um2 gene undei die contrai of the masl' promoter ^iliowed signiric^mi reduc- 
tion in shoot and root growth in ihe presence of 5-1 D ^tM NAM under specilied growth 
coi^diiiotis conipftred to plants not containing thia genf;^. 

Key wordis: I A AH* negative sel^j^tor, rice, iiml gene 

Abbreviations: Ac, aetivuior; Di, disisociadou; lAAH, tndolciteetic acid hydro liuic; NAA, 
naphthalencaeetic aeid; NAM. naphthalcnenceuimide. 



introdiictkm 

Introduction of a cotsclitiona! negative Jieleciion marker %mt linked to a tran^gcne 
greatly fiiciiitate.s counter i^Lelection for progeny devoid of tranBgenej^. Conversion 
of ixw OHieraally provided specific sutetrale into its pbylotoxic derivative by the 
murker gene encoded enzyme enables this counter selection. The tms2 gene was 
the first conditional selective marker gene to be used in lobaeco {.Dcpieker et al., 
.I9SS) ^nid in Arabidopsis (Karlin-Neunmn el aL, 199I}. Indol^u^t^^ 
hydrpjasjgj^ 

naphthalencacref amide CMAW) l-i^caiLse -lA-AH cj>nvert$ NAM to the potent auxin 

.IBLtteX^ll?IIMiI^^ (Becli!^ et ai., 1993), 

jjjbjtJaSi^Maai^^^ a.bactgTid^c^ 

'Author for corvespoijdejjcc. e-mail: N.lJpadhyay<i#piX$iro»n«: fnx; 6i-2-tS246 5000; 
ph: r).K2-6246 5491. 
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cytotoxic metabplite) and cy^^M (whose product cytosine dcamiima converts the 

Jiayjg...!:^n...«^ed ...as. c onditional neg^ui-vc <?clgotqrs...tn monocpts> Both have been 
proven to be effective in barley (Koprek et aL, 1999). The only gene used in rice 
80 far i.s i:he cytochrome P450 (Ghin est aL. 1999). In this study we report that the 
tim2 gene is an effective conditiotiiit negative selection Jtmrker for rice. 



Materials and Methods 

Gem comtruction and rice tmmformation 

A Cia 1 partial ly-dtgesled friigmcnt from plitsmid pWS42 (gift trom V, 
Siinderesiui) comprismg tms2. was first clothed into Bluescript ¥JS^ and an to 

l-endftlted-Apa I fragment was then cloned info H/«d ni-endfdledvApt^^ I dtgei^tcd 
pK^NRTTiOl (unpublished), which is a derivative of the bin^iry vector pWBVecS 
(Wang et aL, 1997), containing an intron hitermpted hph gene driven by 
CaMV35S promoter. The resulting binary construct pMN.RTTI.22 has the archi- 
teeUirc RB --fnas 2' promoter«fmA"2-poiyA"CaMV35S protnoter"/jpft-/i/'M' tersnina- 
tor- LB (Figure lA). Thii? construct vvas introduced into Agrobacteriion strain 
AGLl according to Upadl^yaya el aL (2000). AgrQbactmim-\x\\^^im<^ tramfor- 
mation of rice cv. Nipponbare wais pHbrnied and primary transgenic (T^j) lines 
weitj analyzed according to Upadliyaya ec .aL (2{X)0). 

PCR and Soitriierti blot analyses 

Genomic DNA was isolated from plants as described by Draper and Scott ( U)BS). 
T| progeny plants were screened for the presence of the selectable marker gene by 
polymerase chain reaction (PCR)* Primen^ were designed using the PRIME pi-o- 
gram of GGG (Devercux et etl, 1984) based on the ])ubl{shcd sequences. Primers 
used were: 3vm35S'-3 (5^GGGATGACGCACAArCCC"3'.)/ MNHPHS-iSO 
{5^*GATCT1TGTAGAAACCA1X:GGC-3'.). Southctrn blot analysis was performed 
on BamE I digested genomic DNA using a radioactively^-labelled tms2 gene se- 
quence (see Figiire 1), 

NAM .sensHivlty assay 

A 10 mM ^tock of a-napt-haleneacmmide (Ts-Alvl, Sigma Chemical Co., USA) 
was prepansd in 95% cthanol. Ten seeds each firom the Tq plants and a wild type 
plant were sinface sterilized (70% ethyl alcohol for 90 s followed by L.25% 
bleach for 20 jnih and vvash with water), placed in piMtic pots containing 0.5 
strength MS complete solid medium (Murashige and Skoog, 1962) with iive dif- 
ferent levels of NAM (0. 5. 10, 25 and 100 \M\ kept in the dark for 3 d (26*C) 
and then shifted to light (22~26^C with 1.6 h light of' 20-40 ^mol m^^ s^^). Mea- 
surements of root and shoot lengths %vere taken after 1.2 d; Seedlings were then re- 
planted in Jiffy pots conmininig a mixtui-e of j^oil,. perlite, sand and peat m(m 
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F/^',w Schemaiic rcpresenii^iion of ihc bmttfy v^etor misiruct u^^cd (A) and (Jsinonsiraikm by 
SoutJiern blM liybridi?.iition of tha proscncc of ?w2 irim^igejm in primary tranj^formsms (B). The ifm2 
gem mider tlie control of ^/j^-r^v promoter m(\ own ienn)»atof wm imme^ into iho binary 

vector pMNRTTiOJ to pvocbicc p?vlNRTTI22, Ar> mtm\ uiicrfupied /r/^/f gene urtdcr ihc control of 
CaMV35S promoter ond nos lermiiiataf served the selectiible ntiirker gtm in 
A^n>b{rckn'ft4m-ix\Gilimci:\ irartsfonruiitoti of rti^e (cv. Nif)[>onb:;u'e). G^snoiiik- DNA isoJait^tl Irorn 
putative irunsgetiic pimis was dt^e steel wsth. BamiA I and hybiidize^i wilh the it)is2 jjent* probii 
(jndicmiiU by UHck Jitw in A). Btfldhig sitas of ihu pnmers used in aegnsgaciou {uialysis aro indicaied 
(PI, n% 

(50:25:15:10 by volume) and kept in a mist chatrfc-r in a naturally illuTrdnated 
gliissliouj^e with 2SX day and 22''C night lemperaiures. 



K^ults and Dl^cusssion 

The aim of the present study was to find out whether the mis2 gette could be used 

as an efective conditional negative Jisdection marker for high throughput 
Insertioaai mutagenesis in rice. Our efforts to use a CiiM¥35:S promoter driven 
codA gene for this putisose were not successftil (data not shown) even though the 
ActJ promoter driven coM h?is recently been shown to work in bariey (Koprek et 
al, 1999). The only other conditioned negative selector eiTectiveiy u,^ed in rice has 
beeti a bacterial cytochn)me F4S0 mono-oxygeniiKe gene under the control of 
Rubii^eo promoter und chloroplast t<irgethig signals (Chin etal., 1999), This gene 
has previously been shown to work rn tobacco {O'^Kcefeet al., 1994), Arabidopsis 
(Tissier el al., 1999) and barley (Koprek et al., 1999) with a sulfonylurea com- 
pound, R7402 as .^substrate. The ims2 gene (containing its own terminator se- 
quences) fused to the manopiue syntliasie {mm) T gene promoter was us«^ by 
Siinde]*esan et al. (1995) as a coDditional negative selector in their transposon 
trapping vvork in Ardbuhpsh thalima. W^ h^ve used the satne 2' promoter'rm.y2 
gene cassette it^ the bituiry vector pMNRTlT22 (Figure lA) ihiU contaitiJi m\ 
intron-interrupted hph gene driven by a CaMV35S promoter (Wang et aL. 1997). 
Five out of six plaitts regenerated from hygromycin resistant riee caili, produced 
by Agrobactermn-mti^mitiX tranijformation* were fertile. Sotithera blot analy^sis of 
Bamll I-digested genomic DNA fmm these Tq plants using radioacdvely™iabel!ed 
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figure 2, Growih inhibiiiofi of Tj seedlm^s of tml xmnsgsmiQ fiec, Su*fflc<? stcrHlsseti tfflni?i«?pic 
{tms2) and wM lype (wt) &Gei\i germi«ate<J in 0,5 sifcjijgth MS solid mctfium comalning 
(JjlTorijiu levels of NAM in Ojc dmk for 3 d and imn^crrcd lo Hghi. The pfeoiograph was tftkcjsi 9 <l 
after uansfer to ligh*. Presence (^) or absence H of ttw ifimsgeuij in iheiKs plains ware 
conSlntitdl by PCR- Pianls tiot JiajUyxcd by J^CR are irJcJicaied {n). 



tfm2 gene sequence as a probe reveaJt^ two hyljridijfJng battds pjpe?ient in <jach 

tmnsgeruc piimi: (Figure IB)- The similarity of the hyhndii^iition. patterns suggests 
that all plants were from a .single transformarioji event Germination testmg of Tl 
seeds in the presence of hygromyctn revealed a 3:1 segregslion of the gene in 
ail also suggesting a i^mgle loeu$ tr^m.$formation event. All Tl seed^ from To 
plants were therefore pooled as progeny of a single transgenic line for lAAH sen- 
sitivity sissay; 

The substrate <x-naphlhaleneaeetamlde (NAM) was used according to 
Karl.in-Neumfii.nn ei: al (1991), NAM: at 5 fiM concentration affected root and 
shoot growth of tranjjgenie seedJjng^ (Figure 2), This concentration of NAM also 
appeared to cause a growth promoting effect on wild type seedlingB. We cm dm- 
tmgtnsh between .tms2 transgenic seedlings expressing lAAH and wild type or 
null seedlings at 5 iiM NAM even though transgenic seedlings had reduced vigor 
compared to wild type seedlings. At 10 jxM NAM wild type (non t^nsgenie) 
seedlings had isimilar growth to uno-eated plants while the tninsgenie seedlings 
showed drastic growth inhibition with thi^ concentration of NAM. Growth inhibi- 
tion was observed in control seedlings m well at 25 )x^^ NAM at5d at 100 \xhi 
NAM the effeet was very severe, PGR analyses of DNA isolated from seedlings 
recovered after retnoving the negative seketioo revealed segregation of the ms2 
transgene and seedlings with minimum growth Inhibidon under NAM seleedon 
were nulls. Figure 2 surnmariKes the effect of different levels of NAM on shoot and 
root growth of fms2 transgenic seedlings compaixid to wild type seedlings. Thus, wc 
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I^il^u/i' X Effect of Nam Qn. coat .and shoot grawili af rffLvS-conisiiiiing uqnsgenic ami wild ivpe 
s<;e<iJi»gs. Bar dinj^raras sbQwiisg the average shorn and ropl lengths in mm.(ID seedls) gf \2 day-old 
sc(»ilhigs (mcludisiig uogisnt^Umicd $<;tid£) imd ihc slandanl oror of means. 
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demonslrate iltat um2 gene can be used as mi effemivti conditional negative selec- 
tioD Diarker in rice at MAM concentrations 5-25 \M. 
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Summary 

The dhIA gene of Xanthobacter autotrophicus GJ10 
encodes a dehalogenase which hydrolyzes dihalo- 
alkanes, such as 1,2-dichloroethane (DCE), to a halo- 
genated alcohol and an inorganic halide (Janssen et al, 
1994, Anna. Rev. Microbiol. 48, 163-191). In 
Xanthobacter, these alcohols are further catabolized by 
alcohol and aldehyde dehydrogenase activities, and by 
the product of the dhIB gene to a second halide and a 
hydroxyacid. The Intermediate halogenated alcohols 
and, in particular, the aldehydes are more toxic than the 
haloalkane substrates or the pathway products. We 
show here that plants, including Arabidopsis, tobacco, 
oil seed rape and rice, do not express detectable 
haloalkane dehalogenase activities, and that wild-type 
Arabidopsis grows in the presence of DCE. In contrast, 
DCE applied as a volatile can be used to select on plates 
or in soil transgenic Arabidopsis which express dhlA. 
The dhIA marker therefore provides haloalkane 
dehalogenase reporter activity and substrate dependent 
negative selection in transgenic plants. 

Introduction 

Negative selectable marker genes generally encode en- 
zymes which metabolize a specific substrate to a cytotoxic 
product. For examplBi transgenic plants expressing £ coli 
codAr which deaminates 5-fluorocytosine {5-FC) to cyto- 
toxic 5-fluorouracil, are unable to grow on media contain- 
ing 5-FC (Stougaard, 1993). Such substrate-dependent 
negative markers can be used In genetic techniques 
Including targeted recombination, tissue^pecific cell 
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death, and mutant screens. For example, Agrobacterium 
tms2, which hydrolyzes indole-3-acetamide to the auxin 
mdole-3-acetlc acid, Is used as a marker In a nnaize Ds 
transposon system to select for transposition events that 
are unlinked to the donor loci (Sundaresan eta/., 19951. 
Expression in tapetal cells of S, griseolus P450suir which 
converts the sufonylurea R70402 to a potent herbicide, can 
be used to produce male sterility (O'Keefe etaL, 1994}. A 
constitutively expressed nitrate reductase gene can be 
used in chlorate resistant selections of mutants Impaired 
in nitrogen uptake, metabolism or their regulation 
{IMussaiime etaL, 1991). Lastly, Arabidopsis alcohol dehy- 
drogenase, which hydrolyzes ally! alcohol to the toxic 
aldehyde acrolein, has been used In a fusion genetic 
screen to select trans-acting regulatory mutants (Lopez- 
Juez etai, 1998), 

A novel substrate-dependent negative selection marker 
based on the dhIA gene of Xanthobacter autotrophicus 
GJ10 Is presented here. The dhIA gene encodes a single 
chain, co-factor independent dehalogenase which hydro- 
lyzes haloaikanes, such as 1,2-dichloroethane {DCE), to a 
halogenated alcohol and an inorganic halide (Janssen 
etal.r 1994). The X-ray structure and catalytic mechanism 
of the enzyme have been determined (Schanstra etai, 
1996; Verschueren etai, 1993) In Xanthobacter, the 
alcohols produced are further catabolized by alcohol and 
aldehyde dehydrogenase (ADH and ALDH) activities, and 
by the dhIB haloalkanoic acid dehalogenase to a second 
halide and a hydroxyacid (Figure 1). The intermediate 
halogenated alcohols and particularly the aldehydes are 
far more toxic than the haloalkane substrates or the final 
products of the pathway. 

Two potential uses of the dhIA encoded haloalkane 
dehalogenase (DhIA) can be envisioned In transgenic 
plants. First, because plant ADH and ALDH activities are 
normally low in roots and leaves (op den Camp and 
Kuhlemeler, 1997), plants expressing high levels of DhIA 
haloalkane dehalogenase and supplied with DCE or similar 
substrates might accumulate toxic levels of the product 
alcohols or aldehydes. In this case, and as shown here, 
dhIA can be used as a substrate-dependent negative 
marker. Second, various DhIA substrates are important 
environmental pollutants In soil and groundwater, includ- 
ing the bulk synthetic chemical DCE and the fumlgants 
dichloropropene and DBE. Transgenic plants capable of 
fully degrading such compounds via the activity of DhIA 
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Figure! Cataboiic pathway of 1,2-dichioroflthane in X. autotrophicus 
(from Janssen etai, 1994). 

ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; PQQ, 
ADH pyrroloqulnotine qulnona cofactor; NAD, ALDH nicotinamide 
adenine dinucleotide co-factor. 
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Figure 2. ivJortherti blot analysis of dhfA RNA in Arabidopsis lines 
Transformed with the 2 X SBSidhIA construct. 

lO^g total RNA was loaded per lane. Un& i^umbers (top) are grouped as 
containing single or rnulttple T-DNA loci (T2 seed exhibiting 3:1 KAl^^ 
or>3:1 KAN"). Wt, control is untransformed Ecotype Ws. The filter was 
exposed for 6h. 



could therefore be useful in bioremediation of contamh 
nated sites (Janssen etai, 1994). As a first step, we show 
here that DhIA dehalogenase can be expressed in Arabi- 
dopsis, and that the dhIA gene can be used as a negative 
marker In plants. 

Results 

Production of transgenic Arabidopsis expressing the 
dhlA gene 

The dhIA coding region was isoiated as a linkered PCR 
fragment from plasmid pKI_A (Schanstra etal,, 1993) and 
directionaliy cloned between the double CaMV 35S 
promoter and pea SSU E9 terminator in pKYLX71:35S2 
(Schardl etaL, 1987). The resulting construct was intro- 
duced into Arabidopsis and transgenic lines selected on 
kanamycin {KAN") were allowed to self (Bechtold etaL, 
1993). KAN" T2 plants among progeny exhibiting 3:1 KAN" 
segregation (single integration site) or >3:1 KAN" segre- 
gation (multiple insertions) were allowed to self-poll I nate 
and the seed from T3 lines homozygous for at least one T- 
DNA insertion locus {100% KAN" progeny) was collected. 
No abnormal phenotypic effects under normal growth 
conditions were noted for any transgenic line. 

PCR on leaf DNA (not shown) and Northern blotting 
were used to Identify kanamycln-resistant transgenic lines 
expressing dhIA RNA (Figure 2). The levels of expression 
among lines containing single and multiple T-DNA loci 




Time (min) 



Figures, Haloalkane dehalogenaae activities of transgenic Arabidopsis 
and other plants. 

Hajlde production from {9^ 1,2-didiloroethane and lb) t^-dibromo&thane 
by extracts of wild-type and transgenic Arabidopsis lines as noted, (c) 
Production of 2-bromoBthanol from 1,2-dibrDmoethanB by Arabidopsis 
extracts, (d) Halids production from 1.2-dibromoethane by different plant 
species. 



varied, presumably due to copy number and position 
effects. 



Mea$uren)ents of tialoalkane dehalogenase activities in 
transgenic Arabidopsis and in other plants 

Lines 2, 4, 12 and 22 accumulating relatively high levels of 
dhIA RNA were tested for their ability to dehalogenate the 
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model substrates DCE and DBE (Figure 3a, b), Dehalogen- 
ase activity was detected in the transgenic lines but not in 
the untransformed control, and the levels of enzyme 
activity in the transgenic lines correlated well with the 
levels of dhIA RNA detected In them by Northern blotting 
(Figure 2). These results demonstrate that active DhIA 
dehalogenase can be expressed in Arabidopsis. 



0 mm l^mM 24 mM 




Figure 4. Negative selection using DCE. 

Phenotypic effects of DCE added to liquid cultured, 2'^we8k-old wild-type 
(tipper raw) or line 2 dhIA transgenic {lower row) plantiets for 4B h. 



Table 1 shows that the specific activities for DCE of 
extracts of lines 2, 4, 12 and 22 range from 34 mU to 
228mUmg'"^ extract protein. We calculate that in the 
highest expressing line 2, DhIA dehalogenase may repre- 
sent 2% of total soluble extract protein, based upon the 
specific activity of the purified, recombinant enzyme 
expressed in E colt (Schanstra etal., 1993|. The ratio of 
the activities with DBE and DCE of the protein expressed in 
plants corresponds well with the activity ratios of the 
protein purified from E colL Most modifications of the 
protein result In a decrease of the ratio of DCE versus DBE 



Tablet, Dehalogenating activities of transgenic Arabidopsisior 
1,2-dibronioetfiane (DBE) and 1,2-dichloroethane <DCE) 



Sample 


Spec, act 


Spec. act. 




for DCE 


for DBE 




imU mg*"^ protein] 


(mU mg"^ protein > 


Wild type 


<5 


<5 


2 


228 


175 


4 


119 


77 


12 


34 


13 


22 


188 


140 




Figures. Reconstitution soreen for negative setection using EX^E. 

(a) Phenotype after IGdays of growth on MS agar plates of a 1:2B mixture of untransformed, wild-type seed and seed of transgenic line 2. (b) The same 
mixture after 14 days of growth foilowad fay 2 days of sielection in the preBence of 5^1 of volatile DCE added to a microtube cap. Plantlets selected in (b) as 
transgsrilc Supper row) or wild-type flower tow) were transfeired to MS/Kan (c) or IVIS (dl plates and allowed to grow for an additional 6 days. Phenotypes 
of a 1:10 mixture of w1ld4ypo and transgenic line 2 seeds after 16 days in soil fe) and 14 days in soil followed 2 days of selection with 30 pi of DCE added 
la a microtube cap. 
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activity (Schanstra etal,, 1996). The fact that this ratio is 
roughJy the same m Arabidopsis indicates that the protein 
is correctly folded and not deleteriously modified. 

The formation of 2-bromoethanol from 1,2-dlbro- 
moethane was also followed in the high expressing lines 
4 and 22 (Figure 3c). Rapid production of 2-bromoethanol 
was found which Indicates that the expected hydrolytic 
dehalogenation occurs in these plants. 

Extracts oi Arabidopsis, maize, rape, tobacco and barley 
were tested for endogenous activities towards DBE (Figure 
3d) and DCE (not shown). None of these extracts showed 
significant levels of activity on either substrate. Indicating 
that there is normally no haloalkans dehaiogenating 
activity present in these plants. 

Negative selection using 1,2-dichloroethane of transgenic 
Arabidopsis expressing dhIA 

The effect of different concentrations of DCE on the growth 
phenotypes of wild-type and dfiiA expressing transgenic 
Arabidopsis was then examined. This showed that 12 mM 
DCE did not significantly effect the growth in liquid media 
of wild-type (Figure 4 upper) or plants transformed with an 
empty vector control (not shown). In contrast, this 
concentration of DCE caused severe bleaching of dtiiA 
transgenic lines 2 and 12 (Figure 4 lower). 

To examine whether the dhIA transgene could be used 
as a selectable mar[<er in practical screening experiments, 
reconstitution assays were performed on plates and in soil 
with mixtures of wild-type and diilA expressing transgenic 
plantlets. This showed that low concentrations of DCE 
(approximately 1.5-2.0 mM in air), added in a microtube 
cap as a volatile liquid to MS plates or phytatrays with soil, 
did not significantly effect the growth phenotype of wild- 
type plantlets but led to severe bleaching of dhIA 
transgenic plantlets (Figure 5a versus 5b and 5e versus 
5f). The efficacy of the selection was demonstrated by 
transferring plantlets scored phenotypically as transgenic 
or wild-type to MS/KAN or MS plates (Figure 5c,d). This 
showed that plants selected as d/iM transgenics recovered 
normal growth on both MS/KAN and MS (Figure 5c,d, top 
row), while plants selected as wild-type grew well on MS 
but not on MS/KAN (Figure 5c versus 5d, lower row). In 
three experiments, only two out of 300 (<1%) plants 
scored as DCE resistant proved to be not kanamycin 
resistant upon transfer to antibiotic plates and were 
therefore escapes. 

Discussion 

Expression of the bacterial DhIA dehalogenase from a 
constitutive promoter in Arabidopsis provides negative 
selection with millimolar concentrations of DCE, This 
selection system works well for plants growing both on 



plates and in soil. It is amenable to large scale screening 
because the DCE substrate is volatile and can be easily 
added in small volumes to closed containers at selected 
times during the growth of plants. Recovery of selected 
diilA expressing transgenic plants is also rapid following 
transfer after DCE selection. 

While comparable, the use of df)IA as a negative marker 
may have three advantages over the use of alcohol 
dehydrogenase (ADH). First, negative selection on allyl 
alcohol of plants expressing an ADH transgene requires 
the use of an ADH null allele background for transforma- 
tion (Lopez-Juez etai., 1998). This limitation may compli- 
cate subsequent genetic analyses such as mapping 
studies. Because most plants do not express detectable 
haloalkane dehalogenase activity, the action of a dhlA 
transgene is not masked by an endogenous activity. As 
shown here^ this should be true for a wide variety of plants 
other than Arabidopsis. Second, DCE is considerably less 
toxic than allyl alcohol, which may comfort users jSax, 
1984), However, both the aldehydes derived from DCE (2- 
chioroacetaldehyde) and allyl alcohol (acrolein) are highly 
reactive, their catabolltes potentially mutagenic, and the 
accumulation of either may be equally toxic. Third, 
practical screening with dhIA does not require substrate 
selection in liquid culture, as may be the case for ADH 
(Lopez-Juez etah, 1998). It should be noted that, as for any 
marker-based, fusion genetic screen, the choice of a 
transgenic line expressing dhIA under the control of a 
promoter of interest, as well as the conditions for selection 
(substrate concentration and time course of incubation), 
must be empirically determined. 

A question remains as to the exact mechanism of 
negative selection in plants with dhlA. By analogy to other 
systems, chloroacetaidehyde, derived from DCE via trans- 
genic DhIA and endogenous ADH activities, is probably the 
major toxic catabolite produced (Janssen efa/., 1994). In 
keeping with this, we found that growth of dftW transgenic 
plants Is inhibited on chloroethanol (data not shown), 
perhaps due to the formation of chloroacetaldehyde via 
endogenous ADH. To directly address this question, we 
examined the growth in liquid culture of wild-type and 
ADH null plants in the absence and presence of 12 mM 
chloroethanol or allyl alcohol as a control {Dolferus eta!., 
1990; Lopez-Juez et al., 1998). This concentration of 
substrates produced no detectable effects on plant growth 
after 2 days of incubation, In contrast to the toxic effect of 
the same concentration of DCE on transgenic dhlA plants 
(Figure 3). Continued incubation In chloroethanol for 
14 days produced complete bleaching of wild-type, in 
contrast to ADH null plants which exhibited bleached 
leaves but green leaf bases, stems and meristem (data not 
shown). These symptoms are similar to those of dhIA 
transgenic plants treated briefly with DCE, as could be 
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seen microscopically prior to transfer in the reconstitution 
experiments (Figure 5), 

This indicates that chloroacetaldehyde is the major toxic 
metabolite produced from DCE in dhIA transgenic plants, 
as suggested by the relative toxicities of DCE metabolites 
In animals (Sax, 1984). it also suggests that the effect of 
transgenic dhlA activity Is cell autonomous, in that 
systemic cell death did not appear to occur in ADH null 
plants treated with chloroethanol or In dhIA transgenic 
plants under selection with DCE. 

These results suggest that engineered expression of 
downstream aldehyde dehydrogenase (op den Camp and 
Kuhlemeier, 1997) and dhfB haloalkanolc acid dehalogen- 
ase, or of other detoxification pathways (Martinola efa/., 
1993), might lead to the development of bioremediating 
plants capable of degrading DCE and related haloaikane 
poiiutants. In any event, constitutive or regulated expres- 
sion of dhIA may be used as a substrate-dependent 
negative marker in plants. 

Experimental procedures 

Construction of the dhIA marker and analyses of 
transgenic plants 

The dhIA coding region was amplified from pKLA (Schanstra 
era/., 1S93) by PGR with Vent polymerase (IMew England Blolabs) 
using a 5' Xh<A 11 niter-primer (CTCG4GCCATGGTAAATG- 
CAATTCGCACC, start MET bold) and a 3' X6al linker-primer 
(C7-C4G/4CTCTATTCTGTCTCGGCAAAGTG, stop bold). Following 
digestion with Xho\/Xba\, the fragment was di recti onally cloned in 
these sites as a transcriptional fusion En pKYLX71:35S2 {SchardI 
etaL, 1987). The plasmid was transferred by etectroporatlon to 
Agrobacterium strain PGV3101 which was used to transform 
Arabidopsis ecotype Ws by vacuum infiltration {Bechtold etai^ 
1993). Kan^ plantlets were selected by standard procedures and 
leaf DNA for PCR with d/i/A-specific primers and total RNA for 
Northern analysis were isolated by mini-procedures IKIimyuk 
eta/-, 1993; Nagy etaL 1988). 10 total RNA per lane were 
separated in formaldehyde gels, blotted to Hybond N nylon filters 
and probed with dhIA coding sequences ^P-la belled by nick 
translation after standard protocols. 

DehalogenasG assays 

Dehafogenase activity was determined by the release of halide in 
a colorimetric assay. 50|il of extract was incubated with 3 ml of 
5mM substrate solution in 50 mM Tris buffer (pHS.2) at 30°C. 
Hallde production In 0.5 ml samples was determined spectro- 
photometrtcally at 460 nm with mercuric thiocyanate and ferric 
ammonium sulphate (Bergmann and Sanik, 1957). One activity 
unit was defined as the amount of enzyme that catalysed the 
formation of l^imol halide per minute. 

The formation of the product 2-bromoethanol was analyzed by 
gas chromatography. A 0.5 mi sample was removed from the 
incubation mixture and extracted with 2 ml diethylether contain- 
ing O.O&mM 1-bromohexane as an Internal standard. The 
diethylether fraction was Injected on a Chrompack 483 gas 
chromotograph (Chrompack, Middelburg, the Netherlands) fitted 



with an electron capture detector. The separation of substrate and 
product was undertaken on a Chrompack CPWax 52 column with 
the following temperature program: 3min isothermal at 60*C 
followed by an increase of 10°C/mln to 240°C, and ending with an 
isothermal segment of 5min at 240°C. 

Negative selection with 1^-dichioroethane 

Seeds and mixtures of wild-type and transgenic seeds were 
surface sterlll2ed and plated on MS media without or with 
50|igmr"' kanamycin after autoclaving, or sown as a sand mix 
directly on 2-3cm of autodaved soil in a phytatray (Sigma). After 
cold treatment for 2 days at 4°C, plants were grown under 16 h 
light at The effect of different DCE concentrations on the 
growth of wild-type and dhlA transgenics was initially examined 
after transfer of lO-day-old plants to liquid 0.6x MS for 4 days 
followed by 48 h treatment with DCE added to the media. For 
reconstitution experiments, volatile, liquid DCE in a microtube 
cap was placed in parafilm-sealed plates (5jil) or phytatrays (30fi.l) 
for selection of 10-day-old plants for 2 days under constant light. 
These liquid DCE volumes fully volatilize and conrespond to 
approximately 1.5-2,0 mwi DCE In air. Following selection on 
plates, plants were rescued by transfer to either MS or MS/KAN 
plates and fully recovered after 6-8 days of grovrth. 
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Rapid Communication 

The Herpes Simplex Virus Thymidine Kinase Gene as a 
Conditional Negative-Selection Marker Gene in 
Arabidopsis thaliana^ 

Mihaiy Czako and Laszlo Marton* 

Department of Biological Sciences, University of South Carolina, Columbia, South Carolina 29208 



The human herpes simplex virus thymidine kinase type 1 gene 
(HSVtk) acts as a conditional lethal marker in mammalian cells. 
The HSVtk^encodQd enzyme is able to phosphorylate certain nu- 
cleoside analogs (e,g. ganciclovir, an antiheipetic drug)^ thus con- 
verting tiiem to toxic DNA replication inhibitors. The utility of 
HSVtk as a conditional negative-selection marker was explored in 
Arabidopsis tbaffana (L) Heynh* HSVtk was introduced into ^ra- 
bidopsis by Agrobacterium-medi^Xed transiormation. Transgenic 
plants were morphologically indistinguishable from wild type and 
exhibited normal fertility. Ganciclovir at 10"^ to 10"* M drastically 
reduced shoot regeneration on transgenic, HSVtk* root e^lantsor 
callus formation on HSVtiC^ leaf explants but did not affect the 
wild-type cultures. There was a 35-fold reduction in shoot regen- 
eration 8 d after transfer to shoot-induction medium* Negative 
selection against HSVtk activity along with kanamydn selection 
was also efficient in >tgroltacfer/iim-mediated gene transfer exper- 
iments* Shoot regeneration was 25 times lower on double-selective 
(ganciclovir plus kanamycin) plates than in the kanamycin control 
This regeneration rate in double-selective plates is tn the range of 
the frequency of shoots normally escaping kanamycin selection in 
Arabidopsis cultures. 



Negative-selection marker genes are in increasing demand 
for genetic approaches toward understanding biological proc- 
esses and for selecting cell types with desired alterations. The 
concept of negative selection is based on the expression of a 
marker gene that causes immediate or conditional cell lethal- 
ity. It can be used when a particular class of cells needs to be 
eliminated. These markers may also be part of positive- 
negative-selection schemes for homologous recombination- 
mediated gene targeting (Capecchi, 1989). A potent negative- 
selection gene controlled by a promoter active during and 
after the transformation process will kill cells that have 
randomly integrated the vector and enrich for cells with the 
targeted mutation (or gene). 

Expression of such suicide genes in particular cells of an 
organism may result in donunant 'missing pattern' mutations 
(as discussed by Koncz et al,^ 1992) that may have special 
agronomic importance (i,e. male sterility). Suicide genes can 
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be used to identify the place and time of promoter activity 
(Czako et al,^ 1992) and miutants defective in signaling proc- 
esses (Karlin-Neumann et al., 1992), Several nonconditional 
negative-selection markers are available for plant studieSy 
such as the RNase Tl gene of Aspergillus (Mariani et aL, 
1990), the bamase gene from Bacillus amyloliquefaciens (Prior 
et al., 1991), the yeast RAS2 gene (Hilson et al., 1990), the 
diphtheria toxin A chain (Koltunow et al., 1990; Mariani et 
al, 1990; Czako and An, 1991; Thorsness et aL, 1991; Czako 
et al., 1992), the Pseudomonas gene encoding exotoxin A 
(Koning et al„ 1992), and the anti-np^I/ gene (Xiang and 
Guerra, 1993). 

Conditional lethal genes offer an added element of control 
over the negative selection through their dependency on 
externally provided substmtes (lethal synthesis). The fms2 
gene oi Agrohacterium tumefaciens T-DNA has been proposed 
as a tool for fundamental studies of gene inactivation (De- 
picker et al.^ 1988) and for identification of mutations in 
signaling processes in plants (Karlin -Neumann et al., 1992), 
The analogous atixl gene of the Agrobacterium rhizogenes T- 
DNA also has the potential as a negative-selection gene in 
Brassica at the plant level (Beciin et al., 1993). 

Additional negative-selection genes used in other eukary- 
otic systems are considered for plant systems to develop one 
that can be used during the plant regeneration step after 
Agrohacterium-m^aXed gene transfer. The human herpes 
simplex virus thymidine kinase enzyme is able to phosphoryl- 
ate certain nucleoside analogs that are not accepted by the 
cells' own ldna8e(s), For example/ GAN, an antiviral drug, is 
converted to a toxic nucleotide analog that blocks DNA 
replication in mammalian cells (St. Clair et al., 1984), Thus, 
HSVtk acts as a conditional lethal marker, which has proven 
extremely useful in the enrichment for homologous recom- 
binants in the mammalian system (Mansour et al., 1988). 

Here we report the development of conditions for efficient 
negative selection with the herpes simplex virus thymidine 
kinase type 1 gene ui Arabidopsis tkaliana. 



Abbreviations; GAN, ganciclovir or 9-(l,3-dihydroxy-2-propoxy- 
tnethy])guanine; HSVtk, herpes simplex virus thymidine kinase type 
1 gene; KAN, kanamydn; MS, Murashige-Skoog; NAA, 1-naphthal- 
eneacetic acid; nptll, neomycin phosphotransferase gene. 
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MATERIALS AND METHODS 
Plant Material and Growth Conditions 

Seeds of wild-type Arahidopsis thaliana (L.) Heynh. geno- 
type BLD (Langridge and Griff ing, 1959} were originally 
provided by Dr. C,R. Somerville (Michigan State University, 
East Lansing). Since then^ they have been harvested in a 
growth chamber at 24^C under 16 h of illumination with a 
mixture of fluorescent and incandescent light Irradiance, 80 
^mol s^^ and 70% RH were measured by a steady-state 
porometer (LI-1600; Li-Cor, Inc., Uncoln, NE). Media for 
seed germination, root pretreatment (ARMI), and shoot in- 
duction (ARMIIr) were the same as used by Marton and 
Browse (1991), except the regenerated plantlets were directly 
transferred to MS medium containing 0,2 mg L"^ of NAA 
and no vitamins, omitting the shoot multiplication step on 
ARMIIL The phytohormone composition for ARMI was 3 mg 
L"^ of lAA, 0.15 mg L"' of 0,6 mg L"' of BA, and 0.3 

mg of isopentenyl adenine; for ARMIIr the phytohormone 
composition was 0.2 mg L"* of NAA and 4 mg L"^ of 
isopentenyl adenine. All phytohormones were filter sterilized 
and added to precooled {45°C) media. 

Transgenic A. thaliana plants were obtained by the root 
transformation protocol of Marton and Browse (1991), except 
that acetosyringone was not used in the bacterial culture 
medium and the subculture on ARMIII was omitted (see 
above). About 40 cm of roots were cultured in a plate. 
Putative transformants were selected on ARMIIr containing 
50 mg L^^ KAN. A commercial formulation (Timentin; 
SmithKline Beecham Pharmaceuticals, Fhiladelphia/ PA) of 
the penicillin ticarcillin and the /^-lactamase inhibitor clavu- 
lanic acid was incorporated in the medium at 400 mg L*"* to 
eliminate Agrobacterium, Resistance to KAN was verified by 
rooting shoots on MS medium containing 0,2 mg of NAA, 
MS medium is MS salts (Murashige and Skoog, 1962), 3% 
(w/v) Sue, and 3 mL L"* of Miller's soluBon (6% [w/v] 
KH2P0a). KAN-resistant leaf segments were able to form 
callus on 50 mg L"^ of KAN-containing C medium (similar 
to MS, except for 1.0 mg L"-^ of NAA, 100 mg L"^ of myo- 
inositol, and 1 mg L"* of thiamine hydrochloride). Individual 
transgenic plants were vegetatively propagated as root cul- 
tures (Czako et al, 1993). 

GAN-free base or its sodium salt (as Cytovene; Syntex 
Laboratories, Palo Alto, CA) was dissolved in water, filter 
sterilized, and added to the autoclaved media, GAN sensitiv- 
ity of transgenic plants was tested on solid RMOP medium 
(same as C except for 1.0 mg L"* of BA and 0.1 mg L"^ of 
NAA [Maliga, 1984]). 

Bacterial Strains and Plasmids Used 

The pGA643 (An et al, 1988), pGA972 (Czako et al„ 
1992), and pCX305.1 (Fig. 1; M. Czako, R,P, Marathe, C. 
Xiang, D.J. Guerra^ G.J. Bishop, A. Jones, L. Marton, unpub- 
lished data) binary vectors were transferred into Agtobacier- 
ium tumefaciens strains LBA4404 (Hoekema et aL, 1983) and 
EHA105 (Hood et al„ 1993), both carrying a disarmed helper 
Ti plasmid, by the direct transformation method (An, 1987). 
Agrobacterium strains were grown on YEP solid medium or 
in liquid AB minimal medium (An, 1987) in the presence of 



appropriate antibiotics: 3 mg L'^^ of tetracycline, 7.5 mg L"^ 
of KAN, 200 mg of streptomycin, and 25 mg L~* of 
rifampidn. 

Determination of Bacterial Counts and GAN Sensitivity 

The inhibitory effect of GAN was tested by adding 10 ^ 
10-=, 10"*, 10-^ and 10-« m GAN into wells made in YEP 
nutrient agar plate (1,5% agar) that had been inoculated by 
overlaying with the Agrobacterium strain resuspended (100 
/iL of an overnight suspension diluted to an Aeoo of 1.0) in 
soft agar (0,7%) YEP medium. The plates were examined for 
iiihibition zones representing minimal inhibitory concentra- 
tions after 24 h. 

To determine viable bacterial cell density in different stages 
of co-cuitivation and selection, samples were collected from 
the liquid medium and from the roots. From the root samples 
bacteria were liberated by squashing with a glass rod in a 
conical tube in liquid YEP medium. Colony-forming imits 
were deternuned by plating aliquots from serially diluted 
samples on YEP medium. 

Genomic DNA Analysis 

Total DNA was prepared from leaf tissue by the cetyltri- 
methyl-ammonium bromide method (Rogers and Bendich, 
1988). DNA samples digested with Hmdlll or Kpnl were 
fractionated on a 0,7% (w/v) agarose gel in 0.5 x Tris-borate- 
EDTA buffer and then transferred onto a Zeta-Probe mem- 
brane (Bio-Rad) by alkaline blotting using the manufacturer's 
protocol Probe DNA was labeled with ^^P using the random 
priming procedure of the manufacturer (Amersham) and 
hybridized to the membrane according to standard proce- 
dures (Sambrook et al., 1989). 

RESULTS AND DISCUSSION 

Callus and Shoot Formation Is Inhibited by CAN on 
Explants of Herpes Simplex Virus Thymidine Kinase 
Transformants 

The feasibility of HSVtk as a conditional negative -selection 
marker was explored in a plant system. HSVtk was fused to 
a cauliflower mosaic virus 35 S RNA promoter derivative that 
is present on a binary vector carrying a plant-selectable KAN- 
resistant nptll (Fig, 1). The chimeric construct was stably 
transformed Into A, thaliana by Agrobacterium-rnQdisited gene 
transfer. KAN-resistant plants were subjected to genomic 
DNA gel blot analysis with probes covering HSVtk or npUL 
The HSVtk probe detected the HSVtk sequences in most KAN- 
resistant transformants (Fig. 2, lane 2). 

Transgenic plants harboring the HSVtk construct (HSVtk'^) 
were phenolypically indistinguishable from wild-type plants 
and exhibited normal morphology and fertility. Conditions 
were sought under which the plant material carrying HSVtk 
exhibited a distinct phenotype upon addition of the toxigenic 
substrate, GAN. GAN sensitivity was not manifested at the 
seedling level. Self-progeny of a randomly picked, HSVtk* 
(RLD305-1, Fig. 2, lane 2) plant and wild-type seeds were 
germinated in the presence of 10~* m GAN, 50 mg L^' KAN, 
or both. Seedlings of the RLD30S-1 transgenic plant were 
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Figure 1, Physical organiE:ation of T-DNA of the A. tumdmens 
pCX305. 1 binary vcictor used for (ntrodueiag HSVtk Mo Ambiddpsfs, 
HSVtk (from nucleotide positions 263 to 1799; McKriight, 1980; 
Mansour et aU is expressed from a caulillower mos^Mc vfrus 
35S RNA prornoter {p35S) and tc^rnifnated by the rbcS-BB polyade- 
nylation region {3'fbcS; Hunt ^nd McDonald, 1^8$) in a pKVLK7- 
type {^hard! et al.. 1:987) btnafyplam expression Vector, pKYLX7S2. 
The 35S RNA prornoter In pKVLX7S2 {Dr. A.<j..Hunt, University of 
Kentucky, Lexington, personal com munJcatton) is ehhancefd by a 
duplication of tlie region that extends horn -4)7 to --^^O with 
re&pect to the 35S RNA transcription start site (Guiltey et aL, 1 
The npUi chimeric KAN -resistance gene is under the control of the 
A^robactenum nopaline synthase promoter and termma tor regions 
(An, 1967). Abbreviations for resiriclion enziymes: B, BamHl; 
CM; E, £coRi; H H/nd»J; K Kpal Scaie is m kb. 



indistinguishable from wild-type seedling on GANrContaiii^ 
ing medium, Segregation ior KMN resisttoce (approximately 

3:1) was notaffecti^d either. Explant growth as^ays were also 
used to test whether CAN. had any ad veise effects on -normal 
dssues and to determine whether the HS^tk Mil was mani- 
fested in the transgenic plants. C2allu$ growth assay was 
carried out on wild-iype plaxib md a randomly pi<;ked. 
HSYtk"" (RLP305-1) plaint on €AN-containIng medium. Leaf 
segments were incabated on caUus«iridudng (RMQP) me* 
dium containing GAM atcon^entt^itioiiis &otn 3i6^' 10 lO""* m. 
GAN (.10'^ m) proved to be completely inhibitory: to c^lkts 
initiation on HSVtk'*' leaf segments^ whereas <jaiius formation 
on wild-t}'pe leaf segments was not affected (Table I), 
These ol^ervatipns prove that the GAN-HS%fc gene system 




1 2 3 4 5 6 7 8 



Figure 2. Detection of HSVtk %€c\umcm in:Ar^W<}opsi$. plants trans- 
formed by pCX305J. Southern blots of CcoRi-digested Qt^^A san^i- 
pies were probed with; the 1 .BO-kb Hrndlil fragnient . covering H^^^^ 
smg, 1). Une 1, RlDJm-9 imf); kmZ R.IQ30S-1 (Kan'^S;: kn«? 
3. RLDTKG14/l$-^2 (KAN^j; lane 4, RLDTKC6/7-~l (K^in«); \me S, 
RLDTKG4-4 (KAN^'); lane 6, Rl.DTKGi2-t <KAN:^); lane 7., 
kLDTKCi4~1 (Kan^); lane 6, RID mid type. Sizes (kb) of phage X- 
DNA H/ndril fragments, separated on the same gel, are shown on 
the right. 



Table U Effect of CAN on callus Mitcthn pn tram^enk 



Q/i,^ Callus Wt Cain 



M 


% of coairaf 




0 


100 


100 




94 


96 


10"* 


74 


85 




22 


85 




0 


106 



fulfills the following eondWons for utility as a conditional 
negative-selection marker: (a) the substrate used in lethal 
synthesis' should not be toxic to normal plant cells, (b) there 
should be an absence of -any intrinsic enssyine activity capable 
of conYisrtmg the substrate Into <i toxic metabolite in plants, 
and (c) the reaction carried out by the transgene shoidd be 
suffidently spedfts: to ihlhimize interference, with normal 
cellular metabolism. 

Sensitivity of the shoot-regeneration process from root 
segments to 10^^ m was tested^ because this is the procedure 
of choice for mass transfotmatioi^ of Artfiitfi);?6^^^^ To simulate 
b^n^foirmatiion coriditions, i<CAlSf wa$ also included in the 
media,, and a KANhre$istant HSVtk^ plant (line RiP972-l; 
transformed by pGA9'72 carrying the same KAISl-resistance 
gene but without HSV^^jlf) waa also used as a control 

Explants. taken from ampMed.todt cultures (Giako et aL, 
im) of ^JSm^*^ (line JRIiD305^1)> HSViflt^ (ImeSLOm-Xl 
and wild^type KLD plants (line Czako et ai., 1993) 

were induced to regenerate shoots, by a two-step protocol 
(MSrton and Browse^ 1991). Either 10"^^ m GAM, 50 mg 
of KAM^ both^ or neither was included in AKMlIr medium 
during $hoot induction, CAN drastically reduced shoot re- 
genjera:ti.ori;from HS^tk^ root explants. 

Thedilfer^nce bfitwoej[^:the w and HBVtk* cultures 

was pailicnlariy strOfdurig at the earliest stages of sj.hool regi^n^ 
eration (3 :d after transfer b the AKMHr medium), with 571 
versus 11 dark gtmn foci per pJate {not shown). The few^ 
shoots that eventually developed^ on: the HSVtk'^ roots ap- 
peared to b« normaL Since no reatrangemerit could be de- 
tected -in MSVffc as Jtidg^^ from ONA ge!] biot hybndizations 
with an HS'^f/f-specifie probes, it may ^be a5$umed that these 
.planfe escaped negative, selection by silencing the foreign 
DMA, ^;g. % iriethyiati0n (Rewckens m aL> 1.992), 

From the observations that GAN inhibited callus initiation 
on leaf segments and shoot regeneration on transgenic leaf 
segments but not the growth of ^established transgenic; callus 
(not shown)^ it appeals that the initiation :step i$. sensitive to 
GANv Beoiuse of th<& large nucleotide pools, ol^erved in 
cultured callus :ceils (Marten et ai, 1978)/ the nucleotide 
.analog GAISI is: prpba^^^ efficiently rc!m:oved from the 
DNA or not: evaiL incotporated frequently enough to cause 
inhibition of rsepHcation. 

HSVtk 0^ a Negative! Selectable Marker tn Arabtdapsis 

Direct shoot regeneralion from root explants is a frequently 
used method for the generation of transgenic Ambidojms, 
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because the resulting iransgenic shoots can be immediately 
subjected to genetic analysis, HSVffc was> th^efore^ tested in 
model transf ormaHon experiments under a pDaitiyer-negative- 
selection regime iMng condifeiona estiiblished. on HSVtk*' 
transgenic line^. 

Atdbidopsis^ root explants were co-cultivated with Agrohac- 
ferium carrying either pCX3D5.1 (liSVtk-^): or pGM43 
(HSVtk"', empty vector) plasmids or with neither plasmid^. 
GAN selection (10'"* m) wa& started 3 d after inoculation^ $.t 
the shoot-induction stage 0!i ARMIIr medium, shxtulbne- 
omly with KAN selection (50 mg By thfe time the gene 
transfer from Agrobacterimn to tlie plant cells is considered to. 
have already taken place. 

CAN redtjced ishoot regeneration from root e^tplants cul- 
tured on KAN-containingmedittni. after transformation with 
pCX305.i (Fig. 3), where the HSVik and the ^KAN-resistance 
markers are linked on the T-DNA, The inhibitory effect was 
as strildng at the earliest stages. of slioot differentiation as in 
the= model experiments with estabBshed= transgenic root cul- 
tures: 2 versus 50 KAlsl-resistant shoots (>3 leaves) were 
observed per five plates. A 4-fold difference in the number 
of shoots remained even after 4 weeli;^ on shoot^tegen^tion 
medium (not shown)/ at which time shoots developed from. 
KAN-sensitive cells tlaat escaped selection (Marton and 
Browse^ 1991), The low number of regenerating shoots on 
the double-selection (i,e. GAN and KAN), plates indicates 




Frgure 3. GAN InhiNts regeneration of shoots on Arabtdopsh root 
explants transformed with Agrab^cterkm carrying the HSVtk'*' b\- 
nary vector- Top, Smm EHA105(pCX305.1). Bottom, FHAlOS bi- 
nary vector- free control strain. Twelve days after transfer to the 
ARMIir shoot"indyctk)n medkim containing 10"''* m GAN and 50 
mg of KAN, B^r represents 1 cm^ 



efficient negative selection against HSVtk* transf ormants. 
this hihibitipn ib consistent with the effect on root explants 
of a pure BSytk"*' transgenic line (RLDSDS^l). In the case of 
the empiy-vector (pGA 643) plasmid, the regeneration fre- 
(juency was not affected (85 versus 85 shoot<5). 

An jnterfei^nce of O AN with the transforming bacteria is 
not likely: By the time GAN selection started, the majority of 
bacterial cells ivere removed by rinsing the roots at the end 
of the 2-d co-cultivation, and the Teinaining ceils were sub- 
jected tO: the presence of an antibiotic. In addition, the^^ro- 
bacterium strains with ot without the HSVfk^^ plasmid 
(pCX305 J) were not inhibited by GAN even at 10"^ m in. a 
standard agar diffusion assay. Nor was the residu^il A^rofc^c- 
terium Mtar reduced hy GAN in the presence of root tissues 
(i,e, after 5 d on AEMIIr medium) in the co-cuMvation 
experiment. These results suggested that background front 
HS Vfjfc expression fay the cauliflower mosaic virus 35 S KNA 
promoter Oanssen and Gardner> 1989) of pGX305,i would 
have negligible effect on the bacteria. 

Typical for ; a population of plants collected in a leaf- 
segment transformation experiment DNA-DNA hybridiza- 
tion with radipactively labeled probes revealed different 
niarker cpmbinations^ njPfll/HSVtic-posifive lines, yipffl-posi- 
tivellneSj and nontrans formed iinesS. A 1.58-kb Hmdlll probe 
(Pig, 1). containing RSVtk hybridt7,ed. with up to four bands 
in EcoRI-dig^ted DMA ^isolated from transgenic plants^ 
whereas ONA from the wild-rlype. plant (Fig* % lane 8.) and 
. from KAN-sensitive plants that es.cap"^d defection showed.no 
hybridization signal (lanes 3. 5y and 6). The HSVik probe: also 
detected the I, Orkb internal fragment of the HSVtt gene (Fig. 
1) as well as up to three border jiinction fragments with 
digested ONA. On the same blot the npilLspedik: pmbe (2 . 1- 
•kb CId:-BirmHI fragment) showed hybridisation orvly to. sam* 
pies from.:l;A[Sf-resistMt p^^ corresponding to lanc^ 1, 2, 
A, and 7 ■ (not shown). 

The experiments. presented here demonstrate that the her- 
pes simplex vims thymidii\e kinase gene fulfills the require- 
ments for a conditional negative-selection marker in Arabi- 
iiop$is, With appropriate culture conditions and optimal 
timirig, the inhibitory elffect of GAN oit h^ansgetik HSVtk'^ 
plants may translate into a positiVe-negative-selection regime 
(Mansour et ahy 1988) that could eruich for homologous 
reGomhittatibn events in. gene-^targetihg expenineriis; A pc^i- 
tive-negative-aelection -targeting vector would contain a re- 
gion of DNA homologous to a gene, intermpted within an 
exonby the rip^/i -positive -selection ekment, ^vith the HSVf^t- 
negative-selectionelement ligated onto the end. This marker 
arrangernent is designed to enrich for tas^eted clones, since 
cells with a randomly integrated targetmg vector have a high 
probability of retaining both positive and negative-selection 
elements^ whereas replacement-rtype homologous recombi- 
nation at the targeted locus often excludes the negative- 
selection element, Double selection for the presence of nptU 
and. the absence of HSV^^ (by culture in the presence of KAN 
and GAN) would result in a reduced number of stably 
transfected <iotm with a randomly inserted positive-nega- 
tive-selectipn vector and a concomitant enrichment for ho- 
mologously recombined clones. Unlike with, the noncondi- 
tional negative-sekction markers, the time and level of neg- 
ative selection can be controlled.. From these experiments 
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negative selection against transgenic Arabidopsis shoots car- 
rying an intact HSVtk may reduce (up to 25-fold) the number 
of transformed plants one has to deal with in a gene-targeting 
experiment. 

GAN toxicity was observed also vnth HSVtk^ transgenic 
tobacco, but there was considerable variability in GAN sen- 
sitivity between individual transformants (M, Czako, R.P. 
Marathe, C. Xiang, DJ. Gueira, GJ. Bishop, A. Jones, 
Marton, unpublished data). 

During the revision of this manuscript, it came to our 
attention that the Escherichia coli cytosine deaminase gene 
{codA) was also shown to provide substrate-dependent tox- 
icity in tobacco, Lotus japonicus (Stougaard, 1993), and Ara- 
bidopsis {Perera et al./ 1993), However, negative selection at 
the level of transformation has not been reported with this 
marker. 
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Abstract 

Background: Polyamine synthesis produces methylthioadenosine, which has to be disposed of. 
The cell recycles it into methionine through methylthioribose (MTR). Very little was known about 
MTR recycling for methionine salvage in Badltus subtilis. 

Results; Using in 5///C0 genome analysis and transposon mutagenesis in subtilis we have 
expenmentafly uncovered the major steps of the dioxygen-dependent methionine salvage pathway, 
which, although similar to that found In Kiebstelia pneumoniae, recruited for Its implementation 
some entirely different proteins. The promoters of the genes have been Identified by primer 
extension, and gene expression was analyzed by Northern blotting and iacZ reporter gene 
expression. Among the most remarkable discoveries In this pathway is the role of an analog of 
ribulose diphosphate carboxylase (Rublsco, the plant enzyme used in the Calvin cycle which 
recovers carbon diojdde from the atmosphere) as a major step in MTR recycling. 

Conclusions: A complete methionine salvage pathway exists in 6. subtilis. This pathway is 
chemically similar to that In K. pneumoniae^ but recruited different proteins to this purpose, in 
particular, a paralogue or Rubisco, Ml3iW, is used at one of the steps fn the pathway. A major 
observation is that in the absence of MtnW, MTR becomes extremely toxic to the cell, opening an 
unexpected target for new antimicrobial drugs. In addition to methionine saivage, this pathway 
protects a stfbt///s against dioxygen produced by Its natural blotope, the surface of leaves 
(phylloplane). 



Background 

The fate of methylthioribose (MTR)^ the end-product of 
spermidine and spermine metabolism, as well as of ethyl- 
ene biosynthesis has not yet been fully explored in most 
organisms. In Escherichia coli this molecule is excreted in 
the medium [1] while in Klebsiella pneumoniae it consti- 
tutes the methionine salvage pathway, being metabolized 
back into methionine [2,3]. In eukaryotic parasites it is 
also recycled into methionine, presumably through a 
pathway similar to that in K, pneumomae[4]. In Bacillus 



subtilis we found that MTR Is an excellent sulfur source [5] 
and we unraveled some of the steps involved in its metab- 
olism, which starts from phosphorylation of MTR, medi- 
ated by the MtnK protein [6]. 

It has been shown previously that the yferWgene, annotat- 
ed as similar to ribulose phosphate carboxylase/oxygenas- 
es (Rubisco) in the original sequence, has links with sulfur 
metabolism. Indeed, Henkin and co-v^orkers found that 
the corresponding coding sequence (CDS) was preceded 
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Figure I 

Location of transposon (Tn/0) insertions in the mtn region. One insertion was focalized 73 bp upstream of the translational 
start point of the mtnK gene [6], four were located into mtnW and six into the mtn/gene. The insertion situated 353 bp down- 
stream of the mtnW translation start point (strain BSHP7064) and one situated 556 bp downstream of the mtnY translation 
start point (strain BSHP7065) are shown In the figure. 



by a S-box typical of sulfiir metabolism genes in B, subti- 
lisl?] and Hanson and Tabita found that two classes of en- 
zymes similar to Rubisco were associated with sulfur 
metabolism [8]. Interestingly, these authors^ working with 
Chlorobiunir which uses the reverse TCA cycle for CO 2 fix- 
ation, postulated these proteins as possible precursors of 
cyanobaaeria, tlien plant Rubisco at an early time of the 
development of life on Earth, 

This raised interesting questions about the origin of this 
pathway. In particular the YkrW gene origin could have 
been early in evolution, or resulting from lateral transfer 
from plants to bacilli. We demonstrate here that proteins 
YkrUWXYZ are needed for MTR recycling into methionine 
in B. subtilis, while YkrV, an aminotransferase, is probably 
more specific of methionine transamination, but is dis- 
pensable in the present conditions because of the present 
of a variety of izozymes (up to nine amino add transami- 
nases are present in B, subtilis). 

Results 

Transposon insertion mutations and phenotype ofinactl" 
voted mutants 

The MTR analog trifluormethylthioribose (3F-MTR) is 
toxic if the methyl sulfur moiety of the molecule is recy- 
cled [9]. This molecule was therefore an excellent candi- 
date to explore the steps needed for MTR recycling to 
methionine. Mutants were obtained by transformation of 
a wild type strain with a random transposon library, se- 
lecting for growth in the presence of 3F-MTR in the pres- 
ence of sulfate as sulfur source. The mutants were 
subsequently tested for growth on plates lacking sulftir 
source but supplemented with MTR: only those that could 
not grow were retained for further study. In order to ascer- 
tain that the resistant phenotype was not coming from 
secondary mutations but was directly related to the trans- 



poson insert, the chromosome DNA was extracted from 

each putative mutant and back transformed into a wild 
type strain selecting for the transposon antibiotic marker. 
The 3F-MTR and MTR phenotypes were subsequently test- 
ed and only those mutants that passed the test were re- 
tained. The insertion positions of the transposons were 
then sequenced. As shown in Figure 1 we recovered mu- 
tants in several genes located in the close vicinity of each 
other. One mutant was located at the mtnK locus (previ- 
ously named yferT[6]), four were located into ykrW and six 
irito the yferY" gene. One clone with transposon insertion 
into the ykrW gene (strain BSHP7064, insertion situated 
353 bp downstream of ykrW translation start point) and 
one into the yferY gene (strain BSHP7065, insertion situat- 
ed 556 bp downstream of yfer7 translation start point) 
were retained for further studies. 

Using the collection of the lacZ transcriptional fusion mu- 
tants constructed during the Bacilllus subtilis functional 
analysis program ( [http://locus-jouy.inra.fr/cgi-bin/gen- 
mic/madbase/progs/madbase.operl] and [http://bacil- 
lus.genome.ad.jp] / [10]) and constructing mutants which 
were not available in the collection, we tested all genes in 
the region for their phenotype of growth on MTR as the 
sole sulfur source. Table 1 displays the results obtained. As 
we can see, mutants in mtnK (previously identified as cod- 
ing for MTR kinase [6], strain BFS1850), mtnS (strain 
BSHP7010 [6]), ykrlJ (renamed mtnV, strain BFSlSSi), 
ykrW (renamed mtnW, strain BSHP7014 allowing the ex- 
pression of downstream genes) and ykrY (renamed mtnY, 
strain BSHP7016) failed to grow on the substrate. In the 
absence of IPTG yhrX (renamed mtnX, strain BFS1852) 
also failed to grow, but it recovered its growth properties 
when IPTG was added to the medium, suggesting some 
polar effect of the transposon insertion. The mutant of 
yferZ (renamed mfnZ, strain BFS1853) presented only a 
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Table I: Phenotype of gene inactivation in the mtn region* 



Gene name 


Strain 


Growth on MTR as sole sulitjr source 


Wild type +02a 


168 


normal growth after four days 


Wild type 


168 


no growth after four days 


mtnS (/krS)^ 


BSHP70IO 


no growth 


mtnK (ykri) 


BPS 1850 


no growth 


tntnU iykrll) 


BFSiaSI 


no growth (numerous revertants) 


mtnV [ykrV) 


BSHP7020 


normal grow^ 


mtnW (ykrW) 


BSHP70I4 


no growth 


mtnX (ykrX) 


BFSI852 


normal growth 


mtnY (ykrY) 


BSHP70I6 


no growth 


mtnZ (ykrZ) 


BPS 1853 


weak residual growth 



a. See Materials and methods; nitrate was used as an electron accep- 
tor, b. Fonmer gene names are given in braclcets. 



very weak (residual) growth on MTR^ suggesting the pres- 
ence in the cell of some other enzymatic activity able to 
partially complement the lack of mtnZ gene product. Dis- 
ruption of ykrV (renamed mtnVr strain BSHP7020) had no 
visible effect on growth on MTR as the sulfur source. 

identification of promoters 

Several genes in the region have been shown by Henkin 
and co-workers to be expressed from promoters regulated 
by the S-box attenuation system [7]. This is the case of 
mtnKS and mtnWXYZ transcription units. Some of the 
genes, however, are not regulated in this way. Expression 
of tlie mtnU and mtnV genes is not subject to that regula- 
tion since no S-box is present in their leader transcript As 
shown in Figure 2A the promoter of mtnU is located 35 nt 
from the translation start point. Its start was found to lie 5 
nt downstream from a putative -10 box identified in the 
sequence (TTAAAT), Upstream from this box separated by 
18 nt is a -35 box (ATGATA) with sequence similar to the 
consensus sequence TTGACA that is typical of B, subtilis 
sigmaA-dependent promoters [11]. 

The promoter of mtnV is located 42 nt upstream from the 
translation start point. Its start lies 8 nt downstream from 
a putative -10 box identified in the sequence (TATGAT) 
separated by 17 nt from -35 box (TTTACr) (see Fig. 
The mtnU and mtnV genes share the same promoter region 
(94 nt) but are transcribed in divergent orientation from 
overlapping promoters. Thus, the -10 box of the mtn V pro- 
moter is situated between the -10 and -35 boxes of the 
mtnU promoter and the -10 box of the mtnlJ promoter is 
situated between the -10 and -35 boxes of the mtnV pro- 
moter. 

The mtnKS promoter region is 326 nt long. Its start was 
found to lie 7 nt downstream from a putative -10 box 



identified in the sequence (TACCAT) (see Fig, 2.C). Up- 
stream from this box and separated by 18 nt is a -35 box 
(TTGACA), a typical B. subtilis sigmaA-dependent promot- 
er. Downstream of this promoter lies an S-box regulatory 
sequence. 

Genes mntWXYZ are expressed from two overlapping pro- 
moters that are situated in a 195 nt long region. The up- 
stream PI promoter's start was found to lie 7 nt 
downstream from a putative -10 box identified in the se- 
quence (GATAAT) separated by 17 ntfrom a consensus - 
35 box (TTGACA). The P2 promoter's start was found to 
lie 7 nt downstream from a putative -10 box identified in 
the sequence (TAAAAT) upstream from which is a -35 box 
(ATGGGA) (see Fig. 2.D). This promoter region is also 
reminiscent of regions recognized by the developmental 
sigmaH transcriptional regulator. The -10 box of the Pi's 
promoter and the -35 box of P2 are pardy overlapping. 
The relative intensity of the signals indicates that tran- 
scription from the PI promoter is more abundant than 
from P2 (see Fig. 2.D), 

Transcription organisation of the mtn locus 

To frirther investigate transcription of the mtnVWXYZ 
genes, RNA synthesis was analyzed by Northern blotting. 
RNA was extracted from exponentially growing cells, in 
minimal medium containing either sulfate or methionine 
as sulfur source. As shown in Figure 3.A, a band of about 
1200 nt, corresponding to the expected length of a tran- 
script initiated at the m£nV promoter and terminating near 
its stop codon, was observed for the mmVgene probe. An 
equal intensity of the signal was observed for mtnV tran- 
scripts prepared from cells either grown with sulfate or 
with methionine as sulfur source (lanes 1 and 2, Fig. 3. A). 

When mtnW and mtnZ gene specific probes were used, 
two bands were revealed: one of about 2.5 kb and second 
of about 3.2 kb (Fig. 3. B and 3. C)). The larger band corre- 
sponds to the expeaed length of a transcript initiated at 
the mtnW promoter and terminating in a stem and loop 
structure at the end of the mtnWXYZ transcriptional unit. 
The smaller band can possibly be the result of RHA 
processing at the end of the S-box regulatory sequence of 
the 5' extremity of the transcript. The intensity of bands 
when hybridizing RNA from cells grown with sulfate as 
sulfur source was higher than when using RNA from cells 
grown in the presence of methionine (lane 1 and 2 in Fig. 
3.B and 3.C). 

As shown previously, mtnK and mtnS are expressed as an 
operon, while mtnU is expressed independently [6]. 

Regulatory features 

To substantiate the results obtained with RNA analysis 
and further investigate the expression of genes from the 



Page 3 of 14 
(page number nof for citation purposes) 



BMC Microbiology 2002, 2 



http://www,biomedcentral.com/1471 -21 80/2/8 







mtnUi tfctcftfacfcabtotcaocbtctaaaaaaatcttgaa ATQATAg tccaboatoatafcatg gTTAAATg 

|-*- -35 -10 

aaaaaagtaaagaaaaatttggggtgfctaaaaag atg AAA TGG - - - 

+1 laBNA 



jtttuVs oatctbtttaacacoccEiaatttttcTITACTbttttcatttaaocataTMCGA^ 

-as -10 +1 Bi 

catttcaagattfcttttagaaggtgagaatag ATG AAA TTT - - - 

BitnK;?: aaaaaatata l^aACAa ctaactaaattacctgt TACCAT gttcatcaactgataaattagaat 
bgtaaaacaagtgaatatakbctafc&afcagagagttgggcgagggatttggaotttbgaccaaa 
aaagcaaccgaccgbaattccattgtgaaabggggogcabbbbbtbcgcgccgagacgcbggbo 
be b baaggqsacggbgc baab bccabbcagabcbgabc bgogagabaagagaggcggao abagab 
gtbaagaoCoobbcbatatgagaaggaggobbtbbbaaggaoaaababbaabtaabbadabaab 
bggaggbtabg ATO AT<3 ATCJ - - - 



mtolVi g aaac bgaaco bgb b bacecaaaaaagc aTTQACA agadcbbahaae gATGGGATAAT bdaaaa b 

|— ^ -35 -35 -10 

aabbt ayAAAAT cbababtttcttatcaagagcagacagagggaeaagcccgabj;>aa<Tecc<igca 

4l IdKNA ''I'O +1 mRSA 

accgaabbabaaagcacggbgcbaabtcbbgcagcbagcggcbgagagabaagabbcggacgaga 
aacgaaaccbcbbbagacgcgabbgcagbbbgaagaggtbbbbbgab ATO OAOT aAA - ^ ^ 



Figure 2 

Identification of the mtn region promoters by primer extension. A. Identification of the transcription start site of the mtnU 
operon. The size of the extended product Is compared to a DNA-sequencing ladder of the mtnU promoter region. FVImer 
extension and sequencing reaction were performed with the same primer, The + 1 site is marked by an arrow. B, Identification 
of the transcription start site of the mtnVgene. The size of the extended product is compared to a DNA-sequencing ladder of 
the mtnV promoter region. Primer extension and sequencing reaction were performed with the same primer. The + 1 site Is 
marked by an arrow. C. identification of the transcription start site of the mUiKS gene. The size of the extended product is 
compared to a DNA-sequencing ladder of the mtnKS promoter region. Primer extension and sequencing reaction were per- 
formed with the same primer. The +1 site is marked by an arrow. D. Identification of the transcription start site of the 
mtnWXYZ operon. The size of the extended product Is compared to a DNA-sequencing ladder of the tT}tnV^X.Y21 promoter 
region. Primer extension and sequencing reaction were performed with the same primer. Two + 1 sites are marked by arrows. 
E. Sequences of the corresponding promoter regions. Promoter sites are in capital letters and underlined (-35 imd -10 boxes)» 
and the transcription start sites are indicated by broken arrows (+1). 
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Figure 3 

Northern blot analysis of S. subtilis 168 mtnVWXYZ region, A total of 3 \xg of RNA was used. A. Northern hybridization with 
mtflVgene specific probe. RNA corresponding to lane I was obtained from a culture grown in minimal medium with sulfate as 
a sulfur source, and for lane 2 from a culture grown in minimal medium with methionine as a sulfur source, B. Northern hybry- 
dization with mtnW g&ne specific probe. RNA corresponding to lane I was obtained from a culture grown in minimal medium 
with sulfate as a sulfur source, and for lane 2 from a culture grown in minimal medium with methionine as a sulfur source. C, 
Northern hybrydizatlon with mtnZ gene specific probe. RNA corresponding to lane I was obtained from a culture grown In 
minimal medium with sulfate as a sulfur source, and for lane 2 from a culture grown in minimal medium wiUi methionine as a 
sulfur source. 



mtn region, we constructed mutants earring lacZ tran- 
scriptional fusions as well as used some mutants con- 
structed during the functional analysis program {also 
corresponding to lacZ transcription fusions). Table 2 
shows the results obtained with these strains when using 
sulfate or metliionine as sulfur source. The mtnU gene 
(strain BFS1851, mtnU::lacZ) is expressed constitutively 
at a fairly low level and its expression is independent of 
the sulfur source used (62 U/mg of protein in the expo- 
nential growth phase in presence of sulfate and 53 U/mg 
of protein in the e3q)onential growth phase in presence of 
methionine). In contrast, the mtnV gene (strain 
BSHP7020, mtnV::lacZ) although expressed in the similar 
way (constitutive and sulfur source independent expres- 
sion) is expressed at a significantly higher level (217 U/mg 
of protein in the exponential growth phase in presence of 
sulfate and 181 U/mg of protein in the exponential 
growth phase in presence of methionine). 

The genes from the mtnWXYZ transcriptional unit (strains 
BSHP7014, BFS1852, BSHP7016 and BFS1853 for mt- 
nW::lacZ, mtnX::lacZ, mtnYwlacZ and mtnZwlacZ, respec- 
tively) are expressed in a coordinated and sulfur source- 
dependent way. The expression of the first gene in the 
operon {mtriW) is higher than that of the last one {mtnZ) 
with intermediary values for intermediary genes mtnX and 
mtnY, This suggests the effect of some transcription polar- 
ity during the process of transcription (see Table 2). A 5- 
fold difference is observed between the expression of the 
mtnWXYZ genes in the presence of sulfate and that in the 



presence of methionine (579 U/mg of protein in the expo- 
nential growth phase in the presence of sulfate and 1 13 U/ 
mg of protein in the exponential growth phase in the pres- 
ence of methionine for the mtriWv.lacZ transcriptional fu- 
sion and 280 U/mg of protein in the exponential growth 
phase in presence of sulfate and 57 U/mg of protein in the 
exponential growth phase in presence of methionine for 
mtnZvXacZ transcriptional fusion). This observation is in 
accordance with the presence of S-box regulatory element 
in the promoter region of mtnWXYZ operon which mod- 
ulates gene expression as a function of methionine availa- 
bility [7]. 

Reconstruction of the metabolic pothway 

In order to identify the methionine salvage pathway we 
made constructs allowing us to decipher the order of the 
gene products in the pathway together with in silico, phys- 
iologic and genetic analysis of the effect of metabolites of 
the pathway. This is reminiscent of the way advocated by 
Koonin et al for the use of in silico approaches as comple- 
ment to in vivo experiments [12]. 

As a first goal we showed that the end product of the path- 
way is indeed methionine. This was demonstrated by 
showing that MTR, which is a good sulfur source, can be 
used as the methionine source in methionine auxotrophs 
(Fig. 4, Fig. 5 and data non shown). 

Two genes in the pathway are dispensable, mtnV and mt- 
nX. The first one encodes a transaminase of which there 
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Table 2: Expression of mtnafacZ transcriptional fusions^ 



p-g3tactosidase Activity (U mg-l of protein)* 



EDI medium witli sulfate 



EDI medium withi methionine 



Strain 



exp** 



Stat 



exp 



scat 



BFS185I= 

BSHP7020 

BSHP70I4 

BPS i 852 

BSHP70I6 

BFS)853 



62 
2i7 
579 
442 
294 
280 



4i 

121 

267 

251 

i39 

ji2 



53 

18! 

113 

108 

6) 

57 



33 
i6i 
95 
92 
47 
33 



a, for tlie p-galacto&idase activity assay the bacteria were grown in the ED minimai medium with either sulfate or methionine a$ sulfur source* b. 
exp = exponential growth phase, stat- stationary growth phase, BFSlSSi = wtnUvJacZ, B$HP7020 - mtnVvJacZ, BSHP70I4 = mtnW'/JacZ, 
BPS 1852 = mtnXiJocZ, B$HP70i6 - mtnVvJacZ BFSi853 = mtnZv.lacZ, 



are nine putative paralogs in the genome of B, subtilis 
(YwfG, AlaX AspB, PatA, YhdR, YdfD, PatB, YisV, and 
HisC). In the same way, MtnX (YkrXj is a member of the 
phosphatase family pfamO0702 ([13], Fig. 6), and there- 
fore of a ubiquitous class of hydrolases (several phos- 
phatase genes in particular are present in the genome ofB. 
subtilis] . This is likely to account for the lack of phenotype 
under our growth conditions, Inactivation of mtnZ pro- 
vides only a very weak, residual growth on MTR. Inactiva- 
tion of mtnK mtnSf mfnYand minW result in resistance to 
3F-MTR and lack of growth on MTR. Inactivation of mtnW 
with a polar effect on the distal genes (by insertion of a 
disrupting plasmid] has a phenotype similar to that of 
mtnY{ie. lack of growth on MTR, and lack of influence of 
MTR on sulfate supplemented plates). In contrast, we dis- 
covered that MTR is toxic when the distal genes are present 
(when used as sole sulfur source or even in the presence of 
sulfate, see Fig. 7). Because of the weak phenotype of a 
mtnZ mutant and the absence of phenotype of a mtnX mu- 
tant, we can be confident that MtnY acts before MtnW 
(this is a regular feature in operons, where it is often ob- 
served that the more distal genes code for proteins acting 
in the more proximate steps of the pathway). 

The methionine salvage pathway has been deciphered in 
K. pneumoniae. It is possible, combining this knowledge to 
the genetic and physiologic results just described, to use it 
at the basis for reconstructing in silico the corresponding 
metabolic pathway in B, subtilis. The first steps are similar 
in both organisms: methylthioadenosine is converted 
into MTR by a nucleosidase (MtnA^ [5]). Subsequently, 
MTR is phosphorylated into MTR-l-phosphate by MtnK 
[6]. On the other end of the pathway^ methionine Is syn- 



thesized directly from its keto add precursor, 2-keto-4- 
methylthiobutyrate, by a transaminase. MtnV is the likely 
preferred enzyme for this activity* In K, pneumoniae a diox- 
ygenase is converting 2,3-diketo-5-methylthio-l-phos- 
phopentane into 2-keto-4-methyltliiobutyrate [2], Using 
dynamic programming (FASTA) we compared the se- 
quence of the corresponding protein to the complete pro- 
teome of B. suhUlis, YkrZ comes out as the first hit, as the 
most similar enzyme, present in the proteome. Further- 
more, it displays a strong consensus similarity with the di- 
oxygenases of the family pfam03079 (Fig. 8) [13]. In 
order to check whether dioxygen was indeed involved in 
the case of .B. subtilis we grew the cells anaerobically, with 
nitrate as an electron acceptor, and tested for growth on 
MTR: while the wild type strain grew well when sulfate 
was the carbon source, it failed to grow with MTR (Table 

!)• 

Since this dioxygenase is coded in the mtn operon we can 
infer that it indeed displays the corresponding activity 
[12], and we therefore renamed it MtnZ. IniC. pneumoniae ^ 
the immediate precursor activity is that of a coupled phos- 
phatase. The presence of MtnX, which belongs to family 
pfam00702 comprising phosphatases is strongly sugges- 
tive of its involvement at this step [13]. We are thus left 
with two enzymes, and two steps. We also know, from the 
genetic data, that the steps are catalyzed in the order Mt- 
nY, MtnW. Finally, the reaction needed upstream of MtnZ 
is active on a molecule phosphorylated in position 1, 
MtnW is very similar to ribulosephosphate carboxylase 
oxygenase (Rubisco) . It is therefore likely to be active on a 
ribulose-1 -phosphate derivative. Hence MtnY, which is 
similar to the araD gene product of E, coli (ribulose-5- 
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Figure 4 

The MTR recycling pathway in B. subtiiis. 



phosphate epimerase) is most likely to be an epimerase 
that converts MTR-l-P into 5-thiomethyl-ribulose-l- 
phosphate, which is the substrate of MtnW. This is strong- 
ly supported by the list of similarities found about this 
gene at the SubtiList database [http://genoiist.pasteurA/ 
Subtilist] . 

At this stage it is difficult to explicitly identify the activity 

of MtnW. Even in the case of the paradigmatic Rubisco, 
with many crystal stmctures known, the exact mechanism 
of catalysis is still a matter of controversy. However we can 
note (as did [8], at a time when they could not propose a 
function for the protein) that all the residues involved in 
catalysis have been conserved, the only residues modified 
being those involved in the binding of the phosphate at 
position 5 of ribulose diphosphate. The reaction is that of 
a dehydratase, but the pathway of the reaction is not yet 
known. Further work will establish the details of the reac- 
tion. 



Pinally MtnU is also defective for MTR recycling. Howev- 
er, this protein is synthesized at a level much lower that 
that of the other components of the pathway. We can 
therefore surmise that it is involved in a regulatory step in 
the pathway. 

Discussion 

Several genes in the vicinity of mmK" have been shown to 
have significant relationships with sulfur metabolism. In 
particular, it has been known for some time that genes ykr- 
WXYZ were preceded by an S-box, typical of sulfur medi- 
ated regulation [7]. In addition, while analyzing the 
function of ribulose- 1,5 -diphosphate carboxylase (Rubis- 
co), Hanson and Tabita discovered a class of highly relat- 
ed enzymes that were involved in sulfur metabolism [8]. 

Allowing cells to grow in the presence of the toxic MTR an- 
alog 3F-MTR, resistant mutants were found in genes mtnK, 
mtnW and mtnY. The trifluoromethyl group of 3F-MTR is 
the toxic group of the molecule and it was expected that 
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Figure 5 

Growth of mutants from the mtn region with MTR as sole sulfur source. Panel A: ED I mintmal medium plate with I mM !PTG 
containing 0.2 mM MTR as sole sulfur source WT. met/ (BSIPI 143), mtnS (BSHP70I0), mtnK {BFSI850), mtnU (BFSI85I). mtnV 
(BSHP7020), mtnW (BSHP70I4), mtnX (BPS 1 852), mtnY {BSHP70I6) and mtnZ (BFSI853) were Inoculated for over-night 
growth at 37'^C. No growth of mtnS, mtnK, mtnW and mtnY is represented by an example of absence of growth around a disc 
with MTR of mtnY mutant in paneiB, Normal growth of mtnV and mtnX is represented by an example of normal growth around 
a disc with MTR of mtnV mutant in panel C, The partial growth of the mtnZ mutant is illustrated by its growth around a disc 
with MTR m panel C, Panel B; The mtnY strain (BSHP70I6) was Inoculated on ED I minimal medium plate with no added sulfur 
source. 10 jal of methionine (met) or MTR was put on paper discs and the plate was Incubated over-night at 37*^C. Panel C: The 
mtnV strain (BSHP7020) was inoculated on ED I minimal medium plate with no added sulfur source. 10 jii of methionine (met) 
or MTR was put on paper discs and the plate was Incubated over-night at 37^0, Panel D: The mtnZ strain (BPS 1 853) was Inoc- 
ulated on EDI minfmal medium plate with no added sulfur source. 10 ^.1 of methionine (met) or MTR was adsorbed on paper 
discs and the plate was incubated over-night at 37°C Methionine was used as a control. 



Page 8 of 14 

(page number not for cifafion purposes) 



BMC Microbiology 2002, 2 



http://www.biomedcentral.conn/1471-2180/2/8 



pfem00702 

MtnX : 65 EEITSFVLEDAKIREGFREFVAFINEHEIPPYVISGGMDFFVYPLLEGIVEKDRIYCNHASF 122 

Cons : 84 GEVLGLIALADKLYPGAREALKALKERGIKLAILTNGDRANAEAVLE LLGLADLF 134 

MtnX : 123 DNDYIHIDWPHSCKGTCSNQCGCCKPSVIHELSEP NQYIIMIGDSVTDVEAAKLSDL 183 

Cons : 135 DVIVDSDDVGVG-KP KPEIFLLALERLGVKPEEVLMVGDGVKDAPALAAAGM 189 



Figure 6 

Alignment of MtnX with the consensus of pfam00702 [http://www,ncbi.nlm,nih,gov/Structure/cc!d/ 
cddsrv.cgi?uid-pfam00702&version=vL54] , that includes L-2-haloacid dehalogenase, epoxide hydrolases and phosphatases. 
Red letters represent Identities, blue letters conservative replacements (similarity classes: AGPST, ILHV, FWY, DENQ, HKR), 
A loop containing a metal (presumably iron, or an iron-sulfur cluster) is likely to be present in MtnX. 



inactivation of any gene coding for the steps, including 
permeation, that led from MTR to methionine (the ulti- 
mate methyl donor/ since AdoMet is an essential metabo- 
lite for the cell) would result in a resistant phenotype. 
Remarkably, no permease gene was found, suggesting that 
MTR enter the cells via several entries. In addition, apart 
from the mtnKS and mtnWXYZ operons no other genes 
was found, suggesting that all essential steps for recycling 
are coded for by these genes (or that other steps are coded 
for by redundant genes). The first step of the metabolic 
pathway is phosphorylation of MTR. The last step, pre- 
sumably, is transamination, with mtnV being the pre- 
ferred transaminase. 

Interestingly, the pathway described in this work, al- 
though similar to that found by the pioneering work of 
Abeles and co-workers, uses an enzyme, MtnW, which is 
extremely similar to Rubisco but not present in K. pneumo- 
niae otK, oxytoca[l4,l5y Y/hile most of the genome se- 
quence of this bacterium is known [http:// 
wit.integratedgenomics.com/GOLD/] no counterpart of 
MtnW could be found (data not shown) . The correspond- 
ing activity exists in K. pneumoniae, but no corresponding 
gene has yet been isolated. As discovered by Hanson and 
Tabita, MtnW counterparts constitute a special class (class 
IV) of Rubisco-like enzymes, which are involved in sulfur 
metabolism: we can presume that they are all part of the 
methionine salvage pathway in these organisms [8]. Inter- 
estingly, the expected reaction required to metabolize 5- 
thiomethyl-ribulose-l-phosphate is that of a dehydratase 
that may use a co-factor as a substrate for the reaction 
[16]. Rubisco, in the presence of carbon dioxide (resp* di- 
oxygen), acts as a carboxylase (resp. dioxygenase) which 
cleaves the substrate. In the present case we expect that, in- 
stead of cleavage, we have maintenance of a five carbon 
molecule that is dephosphorylated (by MtnX) and subse- 
quently cleaved by dioxygen in the reaction mediated by 
MtnZ. The counterpart of this activity in other genomes. 



including those with a methionine salvage pathway is not 
known. 

As a strong support of this schema, we found counterparts 

of MtnK and of MtnZ in K. pneumoniae, substantiating the 
proposed pathway. In this latter organism the counterpart 
of MtnY is not known, and the corresponding step (open- 
ing of the MTR-l-P ring with epimerisation) is not known 
in any organism yet. MtnY is part of a very wide family of 
aldolases-epimerases-transketolases and in silico predic- 
tion of function alone, at this stage is highly problematic 
(wrong assignment is frequent for similar functions [17]), 
but combination with genetic data make the prediction 
highly probable [12]. We therefore propose that MtnY be 
used as a basis for annotation of similar gene products. 
For example in Xylella fastidiosa, gene XF2209 and in Pseu- 
domonas aeruginosa gene PA 1683 probably encodes the 
cognate activity. Noticeably, a counterpart exists in the 
Human Genome, where a similar pathway operates. 

Two gene products are not directly accounted for in the 
present schema, Mtnll and MtnS. MtnU is expressed at a 
very low level (ten times lower) as compared to MtnW, 
and this would hardly fit with the expected stoichiometric 
enzyme concentration usually found in multistep meta- 
bolic pathways. In addition, we found in this work that its 
synthesis is not submitted to any regulation by the sulfur 
source. Similarly, MtnS, which is highly similar to an eu- 
karyotic translation initiation factor eIF-2B involved in 
GTP/GDP exchange is a member typical of a class of GTP- 
dependent regulators. The presence of two regulator mol- 
ecules in this pathway indicates that it must have an im- 
portant role in the cell. B. mbtilis is likely to strive on the 
phylloplane. It is therefore regularly submitted to very 
high local concentrations of oxygen, and we speculate that 
this pathway, in addition to providing an excellent means 
to recycle the energy cosdy methionine, is used as a means 
to protect the ceil against oxygen. 
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Table 3: Bacterial strains and plasmids used in this study. 



Strain or plasmid Genotype or description 



Source or reference 



Strains 

Escherichia coti 
TGi 

XL I -Blue 
6acil/u5 subtitis 

168 
6SIPI 143 
BSHP70IO 
BFS1850 
BPS 185 1 
BPS 1852 
BPS 1 853 
BSHP70I4 
BSHP70I5 
BSHF70I6 
BSHP7020 
BSHP7064 
BSHP7065 
Plasmids 
plC333 
PJM783 
pX 

pHPP70li 

pHPP70l4 

pHPP70!4bis 

pHPP70l5 

pHPP70l6 



K\2 supE hsdA5 thi A {iac-proAB) F' [traD36 proA+ proB+ iacNocZAM 1 5] 

K12 supE44 hs<iR\7 recAl endAf gyrA46 thi re/AI /ac- F [proAB+ /oc/q/<TcZAM!5 Tn/OCtetl^)] 

trpCl 

trpCl methspc 

trpCl mtnS"spc 

trpC2mtnK::lacZ 

trpClmmUi'.hcZ 

trpC2mmX\:lacZ 

trpClmtnZvJacZ 

trpClmtnW:-JacZ amyE:(pxy\mtnXYZ) 

trpClamYB: :(pxy ImtnXYZ) 

trpClmtnY-iacZ 

trpC2mtnV::lacZ 

tfpC2mtnW:-JntO 

trpC2mtnY::Tr\IO 

mini-Tn/0 delivery vector, Spc*^, Ery'^ 
cloning vector, Cml^, Ampf^ 

cloning vector, Crr\\ Amp'^, pxyl promoter, amyE focus integration 

pJM mtnVvJacZ 

pJM mtnWdacZ 

pJM mtnWvJocZ {blav^c^} 

pX pxyi mtnXYZ 

pJM mtnY::hcZ 



Laboratory collection 
Laboratory collection 

131] 
132] 
16] 

Functional analysis pro|ect*[6] 
Functional analysis pro|ect^[6] 
Functional analysis project* 
Function^ analysis project* 
Tiiis worit 
This work 
This work 
This work 
This work 
This work 

[27] 
[25] 
[24] 

This work 
This work 
This work 
This work 
This work 



a. This strain has been constructed m the frame of the EC project for fianctlonal characterization of the genome of B. subttRs In Europe. b,spc is 
the spectinomycin resistance gene from Staphyiococcus aureus. 



Conclusions 

This work demonstrates tliat a complete methionine sal- 
vage pathway exists in B. suhtiliSr This pathway is chemi- 
cally similar to that in K. pneumoniae, but recruited 
different proteins to this purpose. In particular a para- 
logue or Rubisco, MtnW, is used at one of the steps in the 
pathway. A major observation stemming from the present 
experiments is that in the absence of MtnW MTR becomes 
extremely toxic to the cell. This sensitivity opens an unex- 
pected target for new antimicrobial drugs, since analogs of 
5 -methyithio-ribulos el -phosphate might have a strong 
inhibitory effect on growth on bacteria containing this 
methionine salvage pathway, including Bacillus anthracis. 

Materials and metiiods 

Bacterial strains and plasmids^ and growth media 

E, coli and B. subtilis strains as well as plasmids used in 
this work are listed in Table 3. E. coli TGI and XLl-BIue 
were used for cloning experiments (TGI for single cross- 
over recombination and XLl-Blue for double cross-over 
recombination) < Despite the fact that there are no public 



regulations yet in this domain in China, all experiments 

were performed in accordance with the European regula- 
tion requirements concerning the contained use of Genet- 
ically Modified Organisms of Group-I (French agreement 
N° 2735). E. coli and B. subtilis were grown in Luria-Ber- 
tani (LB) medium [18] and in ED minimal medium; 
K2HPO4, 8 mM; KH2PO4, 4,4 mM; glucose, 27 mM; N^^- 
citrate, 0.3 mM; L-glutamine, 15 mM; L-tryptophan, 0.244 
mM; ferric citrate, 33.5 jiM; MgS04, 2 mM; MgCl2, 0,61 
mM; CaGl2. 49.5 iLiM; FeClg, 49.9 M-M; MnCl2, 5.05 jjJVl; 
ZnCi2. 12.4 \ibA; CuCi2, 2.52 jxM; G0CI2, 2.5 jxM; 
Na2Mo04, 2.48 |iM. When methionine was used as sulfur 
source (1 mM), MgS04 was replaced by MgCl2 at the same 
magnesium concentration (2 mM). For assaying growth 
on plates, either the MgS04 containing medium or the 
sulfur-free basal medium was used (MgS04 was replaced 
by MgCl2 as decribed above). In the latter case, 10 jil of 
the sulfur source under investigation was appUcated onto 
paper discs (MTR, 200 mM stock solution and methio- 
nine, 100 mM stock solution) deposited at tire center of 
the plate, after bacteria had been uniformly spread at the 
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surface of the plate, and growth was measured around the 
disk. In some cases MTR was used directly in the plate as 
sulfur source (0.2 mM). When necessary IPTG was includ- 
ed at 1 mM concentration. When xylose was added to the 
medium (0.5%) in order to trigger the expression of genes 
under tlie control of Pxyl inducible promoter, fructose 
was used as carbon source instead of glucose. LB and ED 
plates were prepared by addition of 17 g/liter Bacto agar 
or Agar Noble (Difco), respectively to the medium. When 
included, antibiotics were added to the following concen- 
trations: ampicillin, 100 mg/liter; chloramphenicol, 50 
mg/liter; spectinomycin, 100 mg/liter; erythromycin plus 
lincomycin, 1 mg/liter and 25 mg/iiter. Bacteria were 
grown at 37°C. The optical density (OD) of bacterial cul- 
tures was measured at 600 nm. MTR was prepared from 
MTA (Sigma, D5011} by acid hydrolysis as described by 
Schlenk [19]. 3-fluoromethythiorybose {3F-MTR, 5-thio- 
S-S-trifluoromethyl-D-ribose) was synthesised according- 
ly to [6,20]. For mutant selection, 3F-MTR was used at 100 
mg/liter concentration in the ED minimal medium plates 
containing magnesium sulfate as sulftir source and glu- 
cose as carbon source. When applicated onto paper discs 
10 fil of 100 mM stock solution of 3F-MTR was used. For 
anaerobic growth on plates, the Anaerocult A (Merck) 
within an anaerobiosis jar for CO 2 production with si- 
muitanious 02 absorbtion was used. Sulfur-free ED min- 
imal medium plates were supplemented to 1% glucose 
final concentrtion and with 0.5% sodium pyruvate and 20 
mM sodium nitrate as electron acceptor Plates were incu- 
bated at 37°C for 4 days with the sulfur source under in- 
vestigation. 

Transformation 

Standard procedures were used to transform E. coli[21] 
and transform ants were selected on LB plates containing 
ampicillin, spectinomycin or ampicillin plus spectinomy- 
cin. B. subtilis cells were transformed with plasmid DMA 
following the two-step protocol described previously [22]. 
Transformants were selected on LB plates containing 
erythromycin plus lincomycin or spectinomydn or chlo- 
ramphenicol. 

Mo/ec(f/ar genetics procedures 

Plasmid DNA was prepared from E. coli by standard pro- 
cedures [21]. B. suhtilis chromosomal DNA was purified as 
described by Saunders [23]. Restriction enzymes and T4 
DNA ligase were used as specified by manufacturers, 

DNA fragments used for cloning experiments were pre- 
pared by PGR using PfuTurbo DNA polymerase (Strata- 
gene). Amplified fragments were purified by QIAquick 
PGR Purification Kit (Qiagen). DNA fragments were puri- 
fied from a gel using Spin-X columns from Gorning Costar 
by subsequent centrifugation and precipitation. 




Figure 7 

Toxicity of MTR for BSHP70I4 strain. Strain BSHP70I4 
[mtnWi'JacZ amyE::pxy\ mtnXYZ) was grown on ED I minimal 
medium plates in the presence of sulfate as sulfur source 
{panel A) or in the absence of any added sulfur source (agar 
as sole sulfur source, panel B). Xylose was added to the 
medium In order to trigger the expression of mtnXYZ from 
the pxyl promoter. \Q \i\ of methionine (met) or MTR was 
adsorbed on paper discs and plates were incubated over- 
night at 37*^C. Methionine was used as a control for growth 
and/or toxicity of the sulfur source. 



The mtnXYZ region (nucleotides -31 relative to the mtnX 
translation start point and ending 3 bp after the stop co- 
don of mtnZ) was amplified by PGR using primers intro- 
ducing a Spel cloning site at the 5' end and a BamHl 
cloning site at the 3' end of the fragment. This fragment 
was then inserted into the Spel and BamHI sites of ^rylose- 
inductible pX plasmid [24] producing plasmid 
pHPP7015. Prior to transformation^ this plasmid was lin- 
earised at its unique Seal site. Complete integration of the 
plasmid was obtained by a double cross-over event at the 
amyE locus, giving strain BSHP7015. 

The DNA downstream from the mtnW gene (nucleotides 
+41 to +257 relative to the translation start point) was am- 
plified by PGR using primers introducing an EcoRl cloning 
site at the 5' end and a BamHl cloning site at the 3' end of 
the fragment, then inserted into the EcoEI and BamHl sites 
of plasmid pJM783 [25] producing plasmid pHPP7014. 
To introduce an additional antibiotic resistance gene into 
plasmid pHPP7014, a Smal restricted spectinomycin re- 
sistance cassette [26] was inserted into the Seal restriction 
site of the bla gene producing plasmid pHPP7014bis. The 
plasmid in which the mtnW gene was disrupted as well as 
fused (transcriptional fusion) with the lacZ gene was in- 
troduced into the chromosome of BSHP7015 strain by a 
single cross-over event, giving strain BSHP7014, 

For transcriptional fusion of mtnY with the lacZ gene, a 
DNA segment downstream from the mtnY gene (nucle- 
otides + 57 to + 264 relative to the translation start point) 
was amplified by PGR using primers introducing an EcoRI 
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pfam03079 

MtnZ : 3 TIRIHDEANTTIENQEEVASFLDSQEVIYEQWDITRLPEHLSEKYDLTEEEKQQILDTFE 62 

Cons ; 1 QAWIMDDSEC--DQRLPHHTFPPEKAELDEIAKLGVLYWKLDADDEETMELLRIRKYRJ!J 58 

MtnZ : 63 TEIICDISTRRGYKAQDVISLSDSNPKLDELLENFKREHHHTDDEVRFIVSGHGIFVIQGQ 122 

Cons : 59 YLDKDI DVTVCPETTPNPDEKLKKFFEEHLHTDEEIRYIVEGTGYFDVRDK 109 

MtnZ : 123 DGTFFDVRLNPGDI.ISVPENlRHYFTLQEDRKWAVRrFVTTEGWVP 169 

Cons : 110 DDVWIRVLVEKGDLISLPAGIYHRFTTTPDNFVKALRLFVGKPGWTA 15^ 



Figure 8 

Alignment of MtnZ with the consensus of pfam03079 [http://www.nd5i,nim,nih.gov/Structure/cdd/qrpsb.cgi?RID= 1 0 1 46042 1 3- 
20481-4181] , coding for aci-reductone enzymes. Red letters represent identities, blue letters conservative replacements 
(classes: AGPST, ILMV, FWY, DENQ, HKR). 



cloning site at the 5' end and a BamUl cloning site at the 
3' end of the fragment, then inserted into the EcoRI and 
BamUl sites of plasmid pJM783 producing plasmid 
pHPP7016. The plasmid in which the mtnYgene was dis- 
rupted as well as fused (transcriptional fusion) with the 
lacZ gene was introduced into the chromosome by a sin- 
gle cross-over event, giving strain BSHP7016, 

To construct a mtnV transcriptional fusion with the lacZ 
gene, a DNA fragment downstream from the mtnV gene 
(nucleotides -f- 44 to + 259 relative to the translation start 
point) was amplified by PGR using primers introducing 
an EcoRl cloning site at the 5' end and a BawHI cloning 
site at the 3' end of the fragment, then inserted into the 
EcoRI and BamYil sites of plasmid pJM783 producing plas- 
mid pHPP701 1. The plasmid in which the mm V gene was 
disrupted as well as fiised (transcriptional fusion) with the 
lacZ gene was introduced into the chromosome by a sin- 
gle cross-over event, giving strain BSHP7020- 

Within the framework of a European Union and Japanese 
projects for the functional analysis of the genome of B. 
subtiliSr more than 2000 genes have been disrupted by fa- 
sion with the lacZ reporter gene ( [http://locus.iouyjn- 
ra.fr/cgi-bin/genmic/madbase/progs/madbase.operl] and 
[http://badllus.genome.ad.jp] ). The strains from the col- 
lection used in this study, constructed by Dr S. Krogh, are 
listed in Table 3. 

Transposon mutagenesis 

A transposon bank was constructed by introduction of the 
mini-^TnlO delivery^ vector pIC333 [27] into the subtilis 
168 strain as described previously [28], Several thousand 
independent clones were pooled together and 5 samples 
of chromosomal DNA were prepared for ftirther use. To 
obtain 3F-MTR resistant clones, B. subtilis 1 68 was trans- 
formed with chromosomal DNA containing previously 
prepared transposon banks and clones were selected on 



LB plates containing spectinomycin. Then, using velvets 
replicas, clones were transferred onto minimal medium 
plates containing 3F-MTR at 100 ju,M concentration and 
allowed to grow for 24 hrs. The single transposon inser- 
tion event was confirmed by back-cross into strain 168 
and check for 3F-MTR resistance. To determine the loca- 
tion of the transposon insertion, chromosomal DNA was 
prepared^ followed by subsequent digestion with Htndlll, 
self ligation in E, coli XLl-Blue strain and plasmid se- 
quencing. The primers used for sequencing of transposon 
insertions were the folio wings: TnlO left: 
5^GGCCGATTCATrAATGCAGGG3' and TnlO right: 
5 *CGATATrGAGGGTnACCCAC3 ' . 

RNA isolation and manipulation 

Total RNA was obtained from cells growing on EDI min- 
imal medium with sulfate or methionine as sulfur source 
to an ODgQQ of 0.5 using "High Pure RNA Isolation Kit" 
from Roche. The RNA concentration was determined by 
light absorption at 260 nm and 280 run, 2 ^ig of RNA were 
loaded onto 1 .2% agarose gel to check the RNA purity and 
integrity. 

RNA molecules were separated on 1% agarose gels and 
transferedto nylon membranes (Hybond-N, Amersham). 
Efficiency of transfer was monitored by analysis of ethid- 
ium bromide-stained material Membranes were prehy- 
bridized at SOX for 1 hr in DIG Easy Hyb buffer from 
Roche. Hybridization was performed under the same con- 
ditions with mtnV, mtnW or mtnZ specific probes using a 
non-radioactive DNA labeling and detection kit "Dig-UTP 
labeling" from Roche. 

Primer extension analysis using reverse transcriptase AivlV 
(Roche) was performed as described by [29] with two oli- 
gonucleotides for each promoter identification. For 
mtnKS promoter the foUowings primers were used: 
5'ACCAGCGrrCrCGGGGCGAAAAAAATGCGCCCC3' 
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and STCACAATGGAATrACGGTCGGTTGCmTGGS' 
(+137 to +169 and +172 to +203 with respect to the trans- 
lation start point, respectively); for the mml/ promoter the 
followings primers were used: 

5'AGTTCATCAAGATrGGCCAGATCATATCCG3' and 
5'CAGGCAGAACAAGAACATCAGCATGTTTGC' (-133 to 
-103 and -90 to -60 with respect to translation start point, 
respectively); for the mm V promoter the followings prim- 
ers were used: 5'GTTrCATCTCCTCAACAATATGCTCAG- 
GAG' and S'TCCCAGATTGATAACGTCATGTCCITCTGC' 
(-166 to -146 and -114 to -84 with respect to the transla- 
tion start point respectively); for the mtnWXYZ promoter 
the followings primers were used: 5'CGTnCTCGTC- 
CGAATCTTATCTCTCAGCC' and S'AGCTGGAAGAATT- 
AGCACCGTGCTTTATAAG' {+43 to +73 and +76 to +107 
with respect to the translation start pointy respectively). 
The same primers were used for the generation of se- 
quence ladders. Reaction products were separated on 7% 
denaturing polyacrylamide gel containing 8 M urea. DNA 
sequences were determined using Sanger's dideoxy chain- 
termination method with 'Thermo Sequenase radiola- 
beled terminator cycle sequencing kit" from Amersham 
Pharmacia Biotech, 

Enzyme assays 

B. suhtilis cells containing lacZ fusions were assayed for |i- 
galactosidase activity as described previously [30]. Specific 
activity was expressed in Units per mg protein. The Unit 
used 'is equivalent to 0.28 nmols min-1 at 28*^0. Protein 
concentration was determined by Bradford's method us- 
ing a protein assay Kit (Bio-Rad Laboratories). At least two 
independent cultures were monitored. 

Amylase activity was detected after growth of B, subUlis 
strains onTryptose Blood Agar Base (TBAB, Difco) supple- 
mented with 10 g/liter hydrolyzed starch (Sigma). Starch 
degradation was detected by sublimating iodine onto the 
plates. 

Abbreviations 

bp: base pairs; CDS: coding sequence; IPTG: isopropyl p- 
D-thiogalactopyranoside; kb: kilobase; MTA: methylthio- 
adenosine; MTR: methylthioribose; 3F-MTR: trifluor- 
omethylthioribose; nt: nucleotides. 

Authors' contributions 

AS carried out the experimental part of the study, discov- 
ered the MTR toxic effect in the mtnW and mtnU mutants, 
drafted and wrote several sections of the manuscript. 

AD outlined the rationale for the experiments^ carried out 
the in silico part of the study and wrote the bulk of the 
manuscript. 

Both authors read and approved the final manuscript. 



Acknowledgements 

We wish to thank Susan Kro^ for the construction of the mtnK, mtnU, 
mtnXand mtnZ mutants during the BatMm stibtiiis functional analysis 
project, and Sandrine Auger for provldiirg the metl mutant. 

References 

I, Schroeder HR, Barnes CJ, Bohlnsl<l RC, Mallette MR Biological pro- 
duction of S-methylthioribose. Can ] Microbiol 1973. J 9: 1347- 
1354 

Z Dai Y, Pochapsky TC. Abeles RH: Mechanistic studies of two di- 
oxygenases in the methionine salvage pathway of K/ebsie//a 
pneumoniae. Biochemistry 200 1, 40:6379-6387 

3. Hellbronn J, Wilson J, Berger BJ: Tyrosine aminotransferase cat- 
alyzes the final step of methionine recycling in Klebsiella 
pneumoniae^ J Bacteriol 1 999, 1 8 h 1 739- 1 747 

4. Rfscoe MK, Ferro AJ. Fitchen JH: Analogs of 5-methyJthJonbose» 
a novel ciass of antiprotozoal agents. Antimicrob Agents Chemotfi- 
er 1988,32:1904-1906 

5. Sekowska A, Danchin A: Identification of yrrU as the metii^th- 
ioadenosine nucleosidase gene In Bacillus $ubtiii$, ONA Res 
1999, 6:255-264 

6. Sekowska A, Mulard L, Krogh S, TseJK^ Danchin Ai MtnK, nnethyi- 
thioribose kinase^ is a starvation^induced protein in Bacillus 
subttUs, BMC Mlcrobioi 200 1 , 1 : 1 5 

7. Grundy FJ, Henkin TM: The S box regulon: a new global tran- 
scription termination control system for methionine and 
cysteine biosynthesis genes in gram-posit tve bacteria. Mol 
Mfcfofajo/1998. 30:737-749 

8. l4anson TE^ Tabita FR; A ribulose-i,5-bisphosphate carboxyla- 
se/oxygenase (RubjsCO)-iike protein from CMorobium tepi' 
dum that is involved with sulfur metabolism and the 
response to oxidative stress, Proc Not/ Acad Sci U S A 2001. 
98t4397-4402 

9. Gianotti AJ, Tower PA, Sheley JH, Conte PA, Spiro C, Ferro AJ, Fitch- 
en JIH, Riscoe MK; Selective killing of Klebsiella pneumoniae by 
5-trif1uoro methylthioribose. Chemotherapeutic exploita- 
tion of the enzyme 5-methylthioribose kinase. ] Biof Chem 
1990,265:831-837 

1 0. Vagner V, Dervyn E, Ehrlich SD: A vector for systematic gene in- 
activation m Qacillus subtiUs, Microbiology 1 998, 1 44:3097-3 1 04 

I L Moran CP: RNA polymerase and transcription factors. In: Bactt- 

ius subtil'ts and Others Cram-Positive Bacteri<i (Edited by: AL Sonenshein) 
Washington, D. C: American Society for Microbiology 1993, 653-667 

I I Iyer LM, Aravind L, Bork P, Hofmann K, Mushegian AR, Zhulin IB, 
Koonin EV: Quod erat demonstrandum? The mystery of ex- 
perimental validation of apparently erroneous computation- 
al analyses of protein sequences. Cenome fiifo/ 2001, 
2:RESEARCH005I 

(3, Bateman A, BImey E, Cerruti L, Durbin R, Etwiller L, Eddy SR, Grif- 
flths-Jones S, Howe KL Marshall M, Sonnhammer EL: The Pfam 
protein families database. Nocfefc Adds Res 2002. 30:276-280 

f4. Furfine ES, ^eles RH: Intermediates in the conversion of S'^^- 
methyEthioadenosine to methionine in K}ebsiefla pneun\oni- 
ae.J Biol Chem 1988, 263:9598-9606 

15. Wray JW, AbeJes RH: The methionine savage pathway in Kleb- 
sieiia pneumoniae and rat liver Identification and characteri- 
zation of two novel dioxygenases, J 6/0/ Chem 1995, 270:3147- 
3153 

16. Myers RW, Abeles RH: Conversion of S-S-methyl-S-thio-D-ri- 
bose to methionine in Klebsietia pneumoniae. Stable isotope 
incorporation studies of the terminal enzymatic reactions in 
the pathway, j Biol Chem 1 990, 265:16913-16921 

1 7. Sekowska A. Danchin A, Risler JL; Phylogeny of related functions: 
the case of polyamine biosynltietic enzymes, MicroMogy 2000. 
146:1815-1828 

18. Bertani G: Studies in lysogenesis I, The nriode of phage libera^ 
tion by lysogenic Escherichia coli,J Bacteriol 1951, 62:293-300 

19. Schlenk F. Zydek-Cwidc CR. Dainko JL: S -Methylthioadenosine 
and related compounds as precursors of S-adenosylmethio- 
nine in yeast. Biochimica et ^ophysica Acta 1973, 320:357-362 

20. Bouchu M, Large S, Steng M, Langlois B, Prsdy J-P: An unprecedent- 
ed access to trifluoromethylthiosugar derivatives from thio- 
cyanate precursors upon treatment with 
trifluoromethylsilane, Carbohydr Res \ 998» 3 1 4:37-45 



Page 13 of 14 
(page r)ambernot for citation purposes) 



BMC Microbiology 2002, 2 



http://www.biomedcenlral.com/1471 -21 80/2/8 



21 , Sambrook J, Frltsch E, Maniatis T: Mohcuiar c/aning: A laboratory man- 
uai. Cold Spfing Harbour, New York: Cold Spring Harbour Laboratory 
Press 1989 

22, Kunst F, Rapoport G: Salt stress in an environmental signal af- 
fecting degradative enzyme synthesis tn BaclUus subtiiis.j ^c- 
terro/ 1995, 177:2403-2407 

23, Saunders C, Schmidt B, Morot Thompson L, Guyer M: Use of 
chromosomal integration in the establishment and expres- 
sion of biaZ, a Staphylococcus aureus |3-lactamase gene, in Ba- 
cillussubms^JBacterh} 1984, 157:718-726 

24 Kim L, Mogk A, Schumann W; A xyiose-inducible Bacillus subtills 
integration vector and its application. Gene 1 996, 1 8 h7 1 -76 

25. Perego M: Integrational vectors for genetic nfianipulation in 
Bacillus subtltis. In: Bacillus subtslis and other Gram-positiYe Bacteria 
(Edited by: AL Sonensheirt, JA Hoch, R Losidk) Washington, DC: American 
Society for Microbiotogy 1 993, 6 1 5-624 

26. Murphy E: Nucleotide sequence of a spectinonn/cin adenyl- 
transferase AAD(9) determinant from Staphylococcus aureus 
and Its relationship to AAD(3')(9). Mot Gen Genet 1985, 200:33- 
39 

27. Steinmetz M, Richter R: Easy cloning of minl-TnIO insertions 
from the Bacillus subttEis chromosome, j Bacteriol 1994, 
176:1761-1763 

28. Dartois V, Djavakhishvili T, Hoch J A: KapB is a lipoprotein re- 
quired for KinB signal transduction and activation of the 
phosphorelay to sporulation in Bacillus subtilis. Mo/ Microbiol 
1997, 26rl097-ll08 

29. Piekieiny C, Rosbash M: mRNA splicing efficiency in yeast and 
contribution of non conserved sequences. Ceil I985» 4 1: 119- 
126 

30. Msadek T. Kunst F, Henner D, Kller A, Rapoport G, Dedonder R; 
Signal transduction pathway controlling synthesis of a class 
of degradative enzymes in Bacillus subtills : expression of the 
regulatory genes and analysis of mutations in degS and degU. 
J6acterio/i990, 172:824-834 

3 1 . Spizizen J: Transformation of biochemically deficient strains of 
Bacillus subtslis by deoxyribonucleate. Proc Nati Acad Sci USA 
1958,44:1072-1078 

32. Auger S, Yuen WH, Danchin A, l^artin-Verstraete 1: The wetlC 
operon involved in methionine biosynthesis in Bacillus suhtilis 
is controlled by transcription antitermination. Microbioiogy 
2002. 148:507-518 



Publish with BioMed Central and every 
scientist can read your work free of charge 

*fl«)(A1edcentra/ wtfi be the most signtficafxt devehpment for 
dissemirKning (he results of biomedicai research in our Irfetime." 

Paul Nur$«, Director-Genial, Imperial Cancer Research Fund 

Publish with BMC and your research papers will be: 

• available free of charge to the entire biomedical community 

• peer reviewed and published immediately upon acceptance 
. cited In PubMed and archived on PubMed Central 

■ yours - you keep the copyright 

f J BioMedcentra [ .co m 

Submit your manuscript iiere: 

http://wwwbiomedcencral.com/mahUscJ'lpt/ editorial faj biom ftdc^ntrai.cgm 



Page 14of14 
(page number not for citation purposes) 



